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Abstract

Amphibians secrete a cocktail of chemicals onto their skin in response to stressful stimuli,

such as attack by predators. The compounds secreted include bioactive peptides, which

can protect against infection, relieve pain and regulate aspects of the animal's physiology.

Such peptides are potential therapeutic agents and can also be used to investigate the

relationships between different amphibian species.

The skin secretion of the northern Australian frog Litoria dahlii has been investigated,

with eleven novel peptides identified. These peptides have moderate biological activity,

including antibacterial and anticancer actions, as well as the capacity to inhibit the enzyme

neuronal nitric oxide synthase. The similarities between the isolated peptides and those

from Z. aurea and L. raniþrmis from southeast Australia, suggest these species are

related, despite their geographical separation.

Many potent broad-spectrum antibiotics have previously been isolated from Australian

amphibians. These peptides are believed to act by disrupting the bacterial cell membrane

by forming transmembrane 'barrel-stave' type ion channels, lipid-incorporating toroidal

pores or by assembling as a'carpet' over the membrane surface.

The structures of several antibacterial peptides were determined using nuclear magnetic

resonance spectroscopy and restrained molecular dynamics calculations. The short

peptides citropin l.l (16 residues) and aurein 1.2 (13 residues) both form linear

amphipathic a-helices, while caerin 1.1 and caerin 1.4 (both 25 residues) form

amphipathic a-helical structures with flexible hinge regions around proline 15.

Oriented circular dichroism and solid-state nuclear magnetic resonance spectroscopy

studies were used to investigate the orientation of citropin l.l and aurein 1.2 in neutral

lipid bilayers. The experimental results suggest these peptides operate by the 'carpet'

mechanism.

x
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-Introduction- Chapter 1

Ghapter I lntroduction

1.1 Amphibian Skin Secretions

The pharmacological properties of frog skin secretions have been exploited for over two

thousand years [], from their use in Chinese medicine [2] to their application as a

stimulant by the Peruvian Indians [3]. The toxic nature of some secretions has been used

to advantage by the Columbian Indians who apply the venom to darts used for hunting [4].

The active compounds that produce these varied effects appear to be there to protect the

frog from predators. However, not all frogs produce poisonous substances, suggesting that

the secretions may serve additional purposes [l].

Michael Zasloff [5] utilised Xenopus laevis specimens in his research and noted that these

animals very rarely developed infections following surgery, despite the non-sterile

procedures used and the microbially contaminated water they were returned to. This led to

the postulation that skin-secretions might serve a second protective function, this time

against micro-organisms.

Amphibian skin secretions have been investigated for over fifty years in an effort to

identiff their contents and clariff their functions [6]. The vast array of active compounds

that has been identified includes biogenic amines [7], steroidal compounds, alkaloids [8]

and peptides [6, 9]. The alkaloids are responsible for the toxicity of the poison-dart frogs,

while particular steroid compounds account for the therapeutic effects utilised by the

Chinese.

The peptide element of the secretions has a host of different functions. Hormonal effects,

caused by the stimulation of various types of smooth muscle, include changes in blood

pressure or stimulation of the urinary, reproductive and gastro-intestinal tracts [l].
Peptides with analgesic properties have also been detected. This group, known as the

dermorphins, has activity that exceeds that of morphine by,.p to 300 times [10].

The amazing ability of frogs to avoid infection has also been traced to peptides. Zasloff [5]

isolated two peptides with antibacterial activity from X laevis, which he subsequently

2



-Introduction- Chapter 1

named magainins. Since then, antimicrobial peptides have been identified in numerous

other amphibian species [9, 11, l2]. In addition to their bactericidal properties these

peptides sometimes have anticancer or antifungal activity U3-151.

Having active peptides on the skin for long periods of time may cause damage to the

frog's own cells. However the frog has a mechanism for guarding against this that comes

in the form of proteolytic enzymes [16]. Examination of the skin secretion after 5-10

minutes reveals new peptides whose sequences are related to potent antibacterial peptides

but have had two or three residues removed from the N-terminus. Testing of these

peptides shows they no longer possess antimicrobial activity.

Frog-skin secretions were recently discovered to have another function - advertising.

Wabnitz et al. [7] found that a peptide isolated from Litoria splendida acted as a

pheromone. When this peptide, later named splendipherin, was applied to a moist pad in a

tank containing a female L. splendida specimen, the frog immediately moved toward the

pad. It is thought that the release of splendipherin aids mating by signalling the location of

the male.

Given the remarkable bioactivity of amphibian peptides, it comes as no surprise that the

isolation, identification and testing of new amphibian peptides continues to this day.

Already, this process has led to the development of peptides for the treatment of various

medical conditions including conjunctivitis, gastrointestinal infections and even cancer

[4]. Exploiting the antibacterial properties of peptides is a particularly promising avenue

since it would be diffrcult for bacteria to acquire resistance to their destructive action on

the bacterial membrane (see Section 3.2) USl. Resistance is a major problem for the

antibiotics in clinical use today [19].

Another peptide, known as caerulein, has found a range of clinical applications resulting

from its potent stimulation of the gut and gall bladder ll,20l. This peptide was first

identified in the secretion of the Australian frog L. caerulea, but has subsequently been

found in most Australian species as well as in certain South American and African frogs

ú2,2t1.

3



-Introduction- Chapter 1

The search for novel peptides with interesting biological functions is not the only force

driving the screening of frog secretions. Identification and classification of species can

also be achieved by comparing the peptides found in their secretions 1221. For example,

the debate over whether the Australian frogs I. caerulea and L. gilleni are the same or

different species was settled by the finding that their peptide profiles were so dissimilar

that they could not have come from the same species [23]. Thus the impressive array of

peptides found in the skin of amphibians has significance for the taxonomy and

evolutionary study of these creatures, as well as for the discovery of interesting new

compounds. Only a fraction of frog species has been examined so far, leaving a rich

resource still to be mined.

4



-Introduction- Chapter 1

1.2 Peptides from Australian Frogs

Over one hundred and thirty peptides have been identified in the dermal secretions of

more than 25 species of Australian frog [2a]. The majority of frogs studied have a variety

of peptides within the skin glands that generally include a neuropeptide and a powerful

broad-spectrum antibiotic. In addition, peptides have been found that show anticancer

properties, pheromone activity and possible neurotransmitter functions ll4, l7,251.

'1.2a Neuropeptides

Caerulein (l), a potent neuropeptide that has activity on smooth muscle, is found in almost

all of the Australian frog species studied [24]. This peptide is modified after translation by

conversion of the C-terminal group to an amide, transformation of the first residue into

pyroglutamate (pE) and sulfation of the tyrosine residue. Generally, the occurrence of

caerulein in dermal secretions is accompanied by a number of caerulein-like analogues,

which, while as yet untested, are presumed to possess similar activity [261.

(l) Caerulein pEQDY (SOs ) TGV{MDF-NH2

Instead of caerulein, members of the genus Uperoleia produce the neuropeptide uperolein

l27l or an analogue [2S]. Uperolein (2) is a vasodilator and hypotensive peptide and unlike

caerulein, it does ngt contain a sulfated tyrosine residue.

(2) Uperolein pEPDPNAFYGLM-NH2

Neuropeptide activity occurs by the activation of neuronal receptors, although the actual

receptor(s) responsible for caerulein's activity have not yet been identified. Recently,

another group of peptides have been shown to inhibit the enzyme neuronal nitric oxide

synthase (nNOS) l29l - an enzyme responsible for the production of the neurotransmitter

nitric oxide. In this case, it is the ultimate effects these compounds have on the organism

that are unknown.

5
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The list of amphibian peptide nNOS inhibitors so far discovered is long and includes

peptides with no clear sequence similarities. However, three general groups have been

identified: i) short basic peptides, terminating with an amide group and capable of

adopting amphipathic o-helical structure - these include lesueurin (3), the aureins I and

the citropins l, ii) frenatin 3 (a) type peptides which are also basic but terminate with

carboxylic acid groups - this group also includes the caerin 2 peptides and iii) peptides

with a helix-hinge-helix type structure - the caerin 1 family (e.g. 5). The majority of these

peptides also show antibacterial and anticancer activity, however others, such as lesueurin

and the frenatin 3 group, have shown little or no other activity.

(3)

(4)

(s)

Lesueurin

Frenatin 3

Caerin 1.8

Caerin 1.1

Maculatin l.l
Citropin 1.1

Aurein 1.2

GLLDILKKVGKVA-NHZ

GLMSVLGHAVGNVLGGL FKPKS -OH

GL FKVLG SVAKHLL PHVVPV IAE KL -NH2

GLLSVLGSVAKHVL PHWPVIAEHL -NHZ

GL FGVLAKVAAHVVPATAEH F - NHZ

GLFDVTKKVASVIGGL-NHZ

GLFDT IKKIAESF-NHZ

1.2b Antibiotics

The dermal secretions of almost all frog species studied have been shown to contain at

least one potent, broad-spectrum antibiotic peptide. The most active of these include

caerin l.l (6), maculatin l.l (7), citropin 1.1 (8) and aurein 1.2 (9). All of these peptides

a¡e believed to exert their action by interfering with the integrity of the bacterial cell

membrane [30, 31]. It is still not clear exactly how this occurs and there have been many

mechanisms put forward that will be elaborated on at a later stage (Section 3.2).

(6)

(7)

(8)

(e)

'1.2c AnticancerAgents

Many amphibian peptides have also been tested for in vitro activity against cancer cells

and, in general, the anticancer activity mirrors the antibacterial activity, suggesting a

similar mode of action [14].

6



-Introduction- Chapter 1

1.2d Pheromones

Splendipherin (10), isolated from L splendida, has been shown to attract the female of the

species, demonstrating its use as a pheromone [7]. Peptides from other species, with as

yet unknown activities and similar sequences to splendipherin (such as aurein 5.2, ll),
have been hypothesised as also having some kind of pheromone role [4]. However, the

experiments needed to demonstrate this are yet to be conducted.

(10)

(l l)

Splendipherin GLVS S I GKALGGLLASVVKSKGQPA-OH

Aurein 5.2 GLMSSIGKALGGLIVDVLKPKTPAS-OH

1.2e Other Functions

While the activity of some peptides has been identified, there are still many whose

purpose in the secretion remains unknown. Included in this group are the caeridins,

dynastins, rubellidins and tryptophyllins 132-3 41.

In the case of the tryptophyllins, those isolated from Australian frogs have shown no

activity, however it has been suggested that they act as neurotransmitters. These peptides

are very small, composed of only four or five residues (e.g. l2). They are related to

compounds from Phyllomedusa rohdei that have been shown to induce sedation in pigeons

t341.

(12) TryptophyllinL2 pEFPVüL-NH2

Frogs synthesise and store their armoury of peptides at extensive metabolic cost [35]. It

seems unlikely, then, that the peptides produced would have no purpose. One possibility is

that the unassigned peptides are inactive bi-products of prepropeptide degradation [2] (see

Section 1.3). It remains to be seen, however, whether this or some other explanation is

correct.

7
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1.3 PeptideBiosynthes¡s

Peptides, like all proteins, are produced by transcription of genes encoded in DNA and

translation of the resulting mRNA. The peptides are initially synthesised in a

prepropeptide form, consisting of a signal peptide, spacer region and the active peptide

[36] (Figure 1.1). The signal peptide directs the molecule into the endoplasmic reticulum

and is then removed by specific proteases to form the propeptide [37]. The molecules

migrate to the Golgi complex where they are packaged and stored in secretory granules

until a signal triggers their release.

Prepropeptide

I
Propeptide

I

Proteolytic cleavage of
signal peptide

Proteolytic cleavage of
spacer peptide

Unmodified peptide

I
Active peptide

Enzymic modification
e.g. C{erminal amidation or
tyros¡ne sulfation

Figure 1.1 Biosynthesis of bioactive peptides. lnitial translation of the mRNA produces a
prepropeptide, which is processed by various enzymes to produce the active peptide.

The pro-piece, or spacer peptide, has to be cleaved to obtain the active peptide. This

generally occurs at some point along the journey through the endoplasmic reticulum and

Golgi complex [36]. In some cases, such as with the defensins, the molecule is stored as

the inactive propeptide and the spacer segment is removed upon release of the secretion

t38]. This suggests the active peptide may be cytotoxic to the host at the high

concentrations present in the secretory granules.

8
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-Introduction- Chapter 1

The cleaved spacer peptide is often released with the active component. Because of this, it

has been suggested that the spacer peptides may also have some as yet unrecognised

activity. In fact, systems are known in which a hormone peptide is associated with an

antibiotic peptide in the propeptide form. For example, the hormone xenopsin is associated

with xenopsin precursor fragment (XPF), which was found to possess antibacterial activity

Í2r1.

The prepropeptide (or precursor) sequences are known for a number of peptides from X

laevis. Interestingly, the precursor for magainin contains many copies of the cationic

active peptide sequence, each separated by acidic pro-pieces [38] (Figure 1.2). Several

different precursor sequences have been detected for caerulein. Here again, numerous

copies of the caerulein sequence occur, accompanied by several copies of caerulein

precursor fragmcnt (CPF), which has antibacterial activity l2ll (Figure 1.2).

Magainin precursor

Caerulein precursors

Figure 1.2 Precursor peptides for magainin (M1 and M2) and caerulein (C). The acidic propieces in
the magainin precursor are designated AP, while CPF refers to the caerulein precursor fragment.

Many peptides also undergo post-translational modifications. This can include C-terminal

amidation, blocking of the N-terminus by conversion of glutamic acid to pyro-glutamate,

sulfation of tyrosine residues and isomerisation of L-amino acids to the D form [39]. In

most cases these modifications have been found to be important for activity.

9
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1.4 Methodology

1.4a Collection of Frog Secretions

Frog-skin secretions are released from specialized glands in the skin of the frog. Two

types of gland occur here - the mucous glands, which produce a watery secretion for

cooling and aiding respiration, and the granular glands, which store the active components

of the secretion [40]. Both types of glands are controlled by the sympathetic nervous

system, which is involved with the 'fight-or-flight' response. Secretions from the granular

glands are released under conditions of stress, for example when under attack from a

predator [].

In the past, secretion collection was achieved by killing the specimen, removing the skin

and extracting the peptides with an organic solvent [41]. In some cases, this has required

the sacrifice of over a thousand animals for a single study l4l, 421. To continue using such

invasive methods of collection would clearly be irresponsible since there is much evidence

now that many frog populations are in decline, some to the brink of extinction 143, 44].

Secretions must therefore be collected using non-invasive techniques that leave the

animals unharmed.

The method currently practised involves mild electrical stimulation of the frog's dorsal

surface [45] (Figure 1.3). This induces the discharge of secretion from the granular glands,

which can be rinsed off with water and collected. This procedure does not harm the animal

and can be repeated on a monthly basis.

Figure 1.3 The surface electrical stimulation method of collecting frog skin secretion (left) and the
crude aqueous secretion obtained (right).

10



-Introduction- Chapter 1

1.4b HPLC Analysis

Once secretions have been collected, they are concentrated and subjected to high

performance liquid chromatography (HPLC) to separate and puriry the peptide

components. This process must be undertaken as soon as possible after collection to avoid

degradation of the peptides by enrymes in the secretion [6].

The chromatography is carried out using a reverse-phase column and gradient elution,

where the concentration of organic solvent in the mobile phase is increased over time.

Once injected onto the column, the peptides equilibrate between the mobile and stationary

phases. The equilibrium is influenced by the concentration of organic solvent in the

mobile phase, as well as the hydrophobicity and conformation of the peptide. Peptide

elution occurs when the percentage of organic solvent is suffrcient to shift the equilibrium

to the mobile phase [46].

1.4c Mass Spectrometry

Mass spectrometry is a technique used to measure molecular mass. In order to do this, the

mass spectrometer must be able to vaporise and ionise the sample (gas-phase ionisation),

separate the component ions according to their mass-to-charge (m/z) ratio (analysis) and

detect the resulting ions (detection) [47].

Fragmentation of the component molecular ions can occur because of excess vibrational

energy imparted by the ionisation process or by collisions with inert gas molecules [48].

The fragment (or 'daughter') ions produced can give information about the structure of the

original molecular ('parent') ion. In this way, peptide sequence information can be

obtained from the fragmentation pattern of peptide molecular ions.

Mass spectrometry was the principal technique used in the present research to investigate

peptide primary structures. This research was carried out using a Q-TOF 2 hybrid

quadrupole time of flight mass spectrometer. The methods employed by the Q-TOF 2 to
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-Introduction- Chapter 1

carry out gas-phase ionisation, analysis and detection will be discussed in the following

section.

1.4d Q-TOF 2 Hybrid Quadrupole Time of Flight Mass Spectrometer

A schematic diagram of the principal components of the Q-TOF 2 mass spectrometer is

shown in Figure 1.4.
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Figure 1.4 Schematic diagram of the Q-TOF 2 mass spectrometer

Gas-phase ions are produced in the Z-spray ion source by the electrospray ionisation (ESI)

technique [49]. Here, a large voltage (-3-6 kV) is applied to liquid flowing through a

capillary (-l-10 pl'min-r). A fine spray of highly charged droplets emerges from the

needle, which is evaporated by a combination of heat and dry gas. As the charged droplets

decrease in size, Coulombic repulsion overcomes the cohesive forces holding the

molecules together and the droplets 'explode' into smaller and smaller assemblies, until a

series of free ions are obtained [50]. This process is illustrated in Figure 1.5.
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Figure 1.5 Electrospray ionisation mechanism

This soft ionisation technique causes relatively little fragmentation and often results in the

formation of multiply charged ions [51]. The latter property means that large molecules,

with molecular ions outside the range of a particular mass spectrometer, can be observed if
the m/z ratio of the multiply charged ion is decreased sufficiently. Thus ESI is a useful

technique for the study of large biomolecules, such as peptides and proteins.

arici\ €ro^ notu-o.l ab.r^¿o"<o- 
llC,

The charge state of the ions can be determined from the m/z values of the isotope peaksn

since the mass difference between these peaks is inversely proportional to the charge.

Thus, if there is a mass difference of 0.5 Da between the isotope peaks of a particular

envelope, the ion responsible has a charge of +2.

The free ions produced by ESI are drawn through the sample cone aperture and into the

ion block, before being extracted into the analyser. In the Q-TOF 2, the analyser consists

of a quadrupole mass analyser and an orthogonal acceleration time of flight (TOF) mass

spectrometer, separated by a hexapole collision cell (Figure 1.4).

In the TOF sector, ions are accelerated to the same kinetic energy by a positive voltage,

before being pushed toward the reflectron and reflected back to the detector. Since the

ions have the same kinetic energy, their velocity is inversely proportional to the square

root of their mass [52]. Thus the ions can be separated according to their flight times, with

ions of larger mass taking longer to reach the detector.

Ions can be selected by the quadrupole mass analyser and fragmented in the hexapole

collision cell. Fragmentation results from collisions between the ions and high energy
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argon atoms, in a process known as collision induced decomposition (CID). The resulting

daughter ions can then be scanned by the TOF mass sector.

The Q-TOF 2 has a microchannel plate (MCP) detector that records a full spectrum every

50 ps. The spectra are suÍlmed in the memory of the time to digital converter and the

resulting spectrum is transferred to the connected computer. Each spectrum on the

computer will be a sum of 20000 individually detected spectra, for an acquisition rate of I

spectrum per second.

The Q-TOF 2 records spectra with very high sensitivity (nanomolar concentrations) and a

mass range to 10000 Da. These attributes are advantageous for the analysis of the small

quantities of peptide isolated from amphibian secretions.

14
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1.5 Peptide Sequencing

1.5a Mass Spectrometry

Peptide primary sequences can be elucidated using mass spectrometry. The structural

information is provided by the spectrum of daughter ions produced by CID of the parent

peptide ion. Advantages of the mass spectrometry (MS) method are that results are

obtained very quickly and sequences can be determined from minute quantities of sample.

In addition, MS can identiff post-translational modifications to the primary sequence that

may be difficult or impossible to detect by automated Edman degradation [53] (Section

1.5b). N-terminal pyroglutamate residues, for instance, cannot be detected by Edman

sequencing.

Peptides undergo many types of characteristic fragmentation but for sequencing purposes

we use only the 'B' and 'Y+2' fragmentations [53, 54]. These fragmentations occur as a

result of cleavage between the carbon and nitrogen atoms of the peptide bond. For B

cleavages, the positive charge remains on the N-terminal portion, thus providing

information about the C-terminal end of the peptide. Conversely, for Y+2 cleavages, a

proton is transferred to the C-terminal fragment leaving this portion charged and

information is obtained about the N-terminal sequence [55] (Figure 1.6).

N
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+

Figure 1.6 Characteristic B and Y+2 fragmentations of linear peptides in the positive mode
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The isomeric residues leucine (113 Da) and isoleucine (l13 Da) and the isobaric residues

lysine (128 Da) and glutamine (128 Da) are indistinguishable using this technique. Edman

sequencing can be used to conclusively identiff these residues. Lysine and glutamine

residues can also be differentiated by enzyme digestion using Lys-C endoprotease,

followed by MS.

1.5b Automated Edman Sequencing

Edman sequencing uses a standard sequence of chemical reactions to remove residues, one

by one, from the N-terminal [56, 57]. The residues are subsequently identified by their

retention times on HPLC. As the peptide decreases in size, there is increased likelihood

that it will be washed from the solid support before sequencing is complete. In addition,

post-translational modifications to the N-terminus can make the peptide impervious to the

standard reactions, while other modifications will result in atypical retention times [53].

Thus Edman sequencing is not always successful but can provide complementary

information to MS sequence data.

1.5c Enzyme Digestion

When CID and MS cannot determine the full sequence, endoproteases can be used to

digest the peptide into smaller segments. These segments can then be sequenced to

provide the missing information [57]. This technique is particularly useful for large

peptides and proteins. In addition, enzyme digestion using Lys-C endoprotease can be

used to differentiate between lysine and glutamine residues. This enzyme cleaves the

peptide at the peptide bond following the lysine residue.

l.5d G-terminal End Group Determination

Many amphibian peptides have amide groups at the C-terminal so techniques have been

developed to differentiate between C-terminal amides and acids. One way of

accomplishing this is to convert the peptide to its methyl ester and measure its mass using

MS. The mass difference between the ester and the parent peptide indicates the number of
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amide and acid groups present. Thus, an increase of 14 Da indicates a ca¡boxylic acid

group, while an increase of l5 Da is evidence of a primary amide (Figure 1.7).
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Figure 1.7 Determination of the C-terminal group by methylation
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1.6 BioactivityTesting

Peptides isolated and sequenced from amphibian secretions are subjected to a variety of

activity tests. The peptide material obtained from the frog (usually <100 pg) is generally

insufficient for biological testing so the peptides must be synthesised commercially

(Mimotopes, Clayton, Victoria). The synthetic peptides must be shown to be identical to

the natural peptides using HPLC and MS.

Antibacterial testing is conducted by the Institute of Medical and Veterinary Science

(Adelaide, South Australia). The procedure used involves adding a series of increasingly

concentrated peptide solutions to bacterial cultures and determining the minimum

concentration that inhibits the growth of the pathogen - the minimum inhibitory

concentration (MIC, pg.ml-t) t581. If no inhibition is detected at concentrations less than

100 ¡rg'ml--I, the peptide is deemed to be 'inactive' against this organism.

Peptides have also been tested for anticancer activity. In the present research, this was

carried out by the National Cancer Institute (rWashington, DC, USA) by assessing the in

vitro chemosensitivity of a number of human tumour cell lines to the synthetic peptide

[5e].

Since our discovery that certain amphibian peptides may inhibit the enrvrrre nNOS, a

number of novel peptides, including synthetic modifications of known peptides, have been

routinely tested for inhibition of this enzyme. Briefly, the assay involves measuring the

nNOS catalysed conversion of [3H]arginine to ¡3H1citrulline and determining the

concentration of peptide that inhibits this reaction by 50% i.e., the 50% inhibition

concentration (IC56). These activity tests were carried out by the Australian Institute of

Marine Science (Queensland, Australia).
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Ghapter 2 Peptides from Litoria dahlii

2.1 lntroduction

Litoria dahlii is a moderately large ftog (49-71 mm) found in the flood plains of northern

Australia (Figure 2.1) [60]. Its skin-colour is highly variable, ranging from green olive to

dark slate, with irregular patches and often a pale mid-vertebral stripe [61]. Being an

aquatic species, this frog spends most of its time in water, while in dry months it can often

be found hiding in cracks in clay areas [62].

This species, coÍtmonly known as Dahl's Aquatic Frog, is noted for its slimy skin, which

results from the release of large amounts of mucous material from its mucous glands [63].

L. dahlii is also known for its toxicity to large predators, such as snakes [64].

L. dahlii belongs to the L. aurea complex, which consists of six frog species including Z.

moorei and L. cyclorhyncha from southwestem Australia, and L. flavipunctata, L. aurea

and L. raniformis from the southeast (Figure 2.2).
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L. dahlií
L. flavipunctata

L. moorei
L. aurea

L. cyclorhyncha

L. raniformis

Figure 2.2 Geographical distribution of the Australian frogs Litoria dahlii, L. moorei, L.

cyclorhyncha, L. flavipunctata, L. aurea and L. raniformis.

The skin secretions of L. aureo and L. raniformis have been examined recently, with five

groups of novel peptides found [14]. A representative from each is shown below.

(9) Aurein 1.2 GLFDIIKIAESF-NH2

(13) Aurein2.2 GLLDIVKKVIGAFGSL-NH2

(14) Aurein3.l GLFDIVKKIAGHIAGSI-NH2

(15) Aurein 4.1 GLIQTIKEKLKELAGGLVTGIQS-OH

(11) Aurein 5.2 GLMSSIGKALGGLIVDVLKPKTPAS-OH

Peptides of the aurein | , 2 and 3 groups have broad-spectrum antibacterial activþ and are

also active against cancer cells. Aurein I.2 (9) is the smallest antibiotic and anticancer

active peptide yet isolated from an Australian frog. NMR and CD investigations show this

peptide adopts an amphipathic o-helical structure in trifluoroethanol (TFE)/water mixtures

and 1,2-dimyristoylphosphatidylcholine (DMPC) vesicles (Section 6.3). Members of the

'¡tt1
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aurein I and 2 groups are also effective inhibitors of nNOS, with ICso values in the range

1.8-34 pM.

The aureins 4 and 5 have no antibacterial or anticancer activity. Aurein 5.2 (10), however,

was recently shown to inhibit nNOS with an ICso of 7.8 pM (unpublished data). In

addition, aurein 5.2 has some sequence similarity to the sex pheromone splendipherin

from Z. splendida [l7], so it is possible that the aureins 4 and 5 have a role in chemical

communication.

(10) Splendipherin GLVSSIGKALGGLLADVVKSKGQPA-OH

Species that are zoologically classified in the same complex a¡e thought to have evolved

from common ancestors [65] and, as a result, they have similar host defence peptides [12].

L. dahlii is classified as part of the I. aureo complex [61]. However, since it is

geographically separated from the other members of this group by around 2000 km, there

is reason to believe it may have evolved independently. This is supported by the fact that

L. dahlii is the only member of the L. aurea complex that is reported to be toxic to

predators [64].

The research presented in this chapter details the isolation, sequencing and bioactivity of

peptides from Z. dahlii and compares the peptides found with those from Z. ourea and L.

raniþrmis.
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2.2 Results

2.2a General

A skin secretion was obtained from a single specimen of Litoria dahlii using the surface

electrical stimulation method [45]. The peptide components of the secretion were purified

using HPLC. Eleven peptides were obtained with retention times greater than27 minutes.

The elution profile for this region is shown in Figure 2.3 with the isolated peptides

labelled A-K. Peptides that eluted previously included the neuropeptide caerulein (1),

which was identified by its retention time and electrospray mass spectrum. This peptide is

often a major component of secretions from the Litoria genus [2]. The remaining
.tu{r"-. o-iol-{o 27 nT inufø:

peptides froffi+is-r€giûn were not fully characterised and will not be discussed here.

(l) Caerulein pEQDY(SO¡)TGVüMDF-NH2
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Figure 2.3 Partial chromatogram of the HPLC separation of skin secretion taken from Litoria dahlii.
The gradient used was 10-70% acetonitrile/H2O over 60 minutes, at a constant concentration of
trifluoroacetic acid (0.1%). The absorbance is expressed as a percentage of the maximal
absorbance.
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The peptides obtained by HPLC were sequenced by mass spectrometry using the tandem

MS (MS/MS) capabilities of a Q-TOF 2 mass spectrometer. Lysine and glutamine

residues were assigned on the basis of the Lys-C digest and metþlation experiments. The

results were confirmed by automated Edman sequencing, which was also employed to

distinguish between the isomeric leucine and isoleucine residues. The correct residue is

always shown in the text. The accuracy of the Q-TOF 2 was such that the identity of the

C-terminal group could be determined using the MS/MS spectrum alone. Metþlation

experiments verified these conclusions, except in the case of dahlein 4.3 where

methylation experiments were unsuccessful.

The eleven isolated peptides have been named dahleins and their sequences are detailed in

Table 2-1. Three groups of related peptides were identified and the structure determination

of a representativc from each of these groups will be described in detail in subsequent

sections. The structure determinations of the remaining peptides are summarised in Tables

2-2,2-3 and 2-4. The masses given are all nominal masses, i.e., the masses produced by

summation of the integral mass of each amino acid residue.

Table2-l Peptides isolated from the skin secretion of Litoria dahlii.The table indicates the number
assigned to the peptide, the sequence, nominal molecular weight (MW) and the HPLC fraction the
peptide came from (Figure 2.3).

Dahlein Sequence MW HPLC

fraction

4.1

4.2

4.3

1.1

1.2

5.1

5.2

GLFDI IKNIVSTL-NH2

GLFDI IKNI FSGL-NH2

GLIVQL I KDKI KDAATGFVTGI QS -NH2

GLWQFI KDKLKDA.ATGLVTG I QS -NH2

GLVüQ F I KDKFKDAATGLVTGI QS -NH2

GLLGS ] GNAI GAFIANKLKP-OH

GLLGS I GNAI GAFIANKLKPK-OH

GLLAS LGKVL GGYLAEKL KP - OH

GLLAS LGKVLGGYLAEKLKPK-OH

GLLGS I GKVLGGYLAEKLKPK_OH

GLLASLGKVFGGYLAEKLKPK-OH

1431

1435

2487

2487

2521

1953

2081

2026

2154

2140

2188

K

J

D

E

A

I

H

G

F

B

c

5.3

5.4

5.5

5.6
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The numbering of the peptides in Table 2-l follows that used for the five groups of aurein

peptides isolated from I. aurea and L. raniformis, since there are similarities between the

dahleins 1, 4 and 5 and the aureins 1, 4 and 5. Interestingly, no dahlein peptides were

found to correspond to the aurein 2 and aurein 3 broad-spectrum antibiotics (e.g. aurein

2.2 (13) and aurein 3.1 (14) above).

2.2b Dahlein 1.2

The final two peptides to elute from the HPLC column were two related peptides of low

molecular weight. This group of peptides was named the dahleins l. Analysis of dahlein

1.2 by ESI-MS shows an intense MH* peak at m/z 1435. The CID mass spectrum

(MSA{S) of this MH+ parent ion is shown in Figure 2.4.
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Figure 2.4 MS/MS of MH* 1435 of dahlein 1.2. The sequence derived from the B cleavages is

shown above the spectrum, while that from the Y+2 cleavages is indicated beneath the spectrum.
(See Experimental for full details).

The sequence of amino acids from the C-terminal end is given by the B cleavage ions,

while the Y+2 ions indicate the N-terminal sequence. From the data in Figure 2.4 we

obtain the panial sequence of (170) Phe Asp Ile Ile Lys Asn Ile Phe Ser Gly Leu-NHz.
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The C-terminal group was shown to be an amide due to the peak at m/z l4l8 i.e., loss of

17 Dafrom the parent ion (loss of 18 Da indicates an acid group). The first two residues of

the sequence could not be determined from this spectrum. Lys-C digestion of dahlein 1.2

gave fragments at m/z 805 and 649, confirming the assignment of residue 7 as lysine. Both

fragments were sequenced by MS/MS data but only the sequence of m/z 805 was required

to complete the primary structure of dahlein 1.2. Figure 2.5 shows the MS/lvfS spectrum

for this fragment, which reveals the sequence to be Gly Leu Phe Asp Ile Ile Lys-OH.

Phe Ile OH

805

260
'171

546

318
635

147 659
¿188

100 125 1 575

Ile

4&t

748

373

c)o
it€
=þ
C)

cË

o
&

787

Ile lle AsP Phe [æu GIY

Figure 2.5 MS/MS of the Lys-C fragment MH* 805 of dahlein 1,2. The sequence derived from the
B cleavages is shown above the spectrum, while that from the Y+2 cleavages is indicated beneath
the spectrum. (See Experimental for full details).

Metþlation experiments on dahlein 1.2 produced a methyl ester, MH+ 1479. This

represents a difference in mass of 44 Da, which indicates the presence of one COzH group

and two CONHz groups. According to the sequence obtained from the MS/MS data there

is one Asp residue and one Asn residue present, which account for the acid group and one

of the amide groups. Thus the terminal group is an amide, conftrming the conclusions

from the original MS/N4S spectrum.

The final sequence for dahlein 1.2 is thus Gly Leu Phe Asp Ile Ile Lys Asn Ile Phe Ser Gly

Leu-NHz. The sequence was verified by Edman sequencing, which also differentiated

between the isoleucine and leucine residues. The sequencing data for this peptide and

dahlein l. 1 are summarise d in Table 2-2.
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Table2-2 MS data for dahlein 1 peptides isolated Írom L. dahlii.

Chapter 2

Dahlein l.l [MH.14311

Methylation gives a methyl ester, MH* 1475 (one CO'H and two CONH, groups).

MH* 1431 B ions m/z 1414,1301, 1200, 1113,1014,901,787,659, 546,

433,318, 171

t(170) Phe Asp lle lle Lys Asn lle Val Ser Thr Leu-NHrl

Y+2 ions m/z 1114, 999, 886,773, 645, 531,418, 319

[(317) Asp lle lle Lys Asn lle Val (318)]

Lys-C digest gives MH* 645 and 805

MH* 805 B ions m/z 787,659, 546, 433, 318, 171

t(170) Phe Asp lle lle Lys-OHl
Y+2 ions m/z 748,635, 488, 260,147

[Gly Leu Phe (228) lle (Lys-OH)]
Sequence Gly Leu Phe Asp lle lle Lys-OH

Dahlein 1.1 sequence: Gly Leu Phe Asp lle lle Lys Asn lle Val Ser Thr Leu-NH,

Dahlein 1.2 [MH.14351

Methylation gives a methyl ester, MH* 1479 (one CO2H and two CONH, groups).

MH. 1435 B ions m/z 1418,1305,'1248,1161,1014,901,787,659, 546,

433,318, 171

t(170) Phe Asp lle lle Lys Asn lle Phe Ser Gly Leu-NH2l

Y+2 ions m/z 1265,1118, 1003,890,777,649
(r70) Phe Asp lle lle Lys (648)l

Lys-C digest gives MH* 649 and 805

MH* 805 B ions m/z 787,659, 546, 433, 318, 171

t(170) Phe Asp lle lle Lys-OHl
Y+2 ions m/z 748,635, 488, 373,260, 147

[Gly Leu Phe Asp lle lle (Lys-OH)]

Sequence Gly Leu Phe Asp lle lle Lys-OH

Dahlein 1.2 sequence: Gly Leu Phe Asp lle lle Lys Asn lle Phe Ser Gly Leu-NH,
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2.2c Dahlein 4.1

Dahlein 4.1 gives only a weak MH* ion, but a pronounced [M+2H]2+ species is evident at

m/z 1244. The MS/MS spectrum of the [M+2H]2* ion is shown below in Figure 2.6.

Asp Ala Ala Thr Gly Phe Val Th¡ Gly lle (Gln Ser-NHz)
I
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õË
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Figure 2.6 MS/MS of [M+2H]2* 1244 oI dahlein 4.1 . The sequence derived from the B cleavages is

shown above the spectrum, while that from the Y+2 cleavages is indicated beneath the spectrum.
(See Experimental for full details).

The data in Figure 2.6 indicate a partial amino acid sequence of (170) Trp Gln Leu Ile Lys

Asp Lys Ile Lys Asp Ala Ala Thr Gly Phe Val Thr Gly Ile (232). Treatment of the peptide

with Lys-C endoprotease gave four smallerpeptides with MH+ at857,1090, 1165 and

1406, indicating the presence of lysine residues at positions 7, 9 and 1 l. The collisionally

induced MS/MS spectrum of the fragment with m/z 1165 is presented in Figure 2.7. This

spectrum reveals the sequence of the final twelve residues as (Asp Ala) Ala Thr Gly Phe

Val Thr Gly Ile Gln Ser-NHz. The data from the mass spectrum of m/z 857 is listed in

Table 2-3 and gives the first six residues of dahlein 4.1 as Gly Leu Trp Gln Leu Ile Lys-

oH.
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Ile Gly Thr Val Phe Gly Thr Ala Ala Asp

Figure 2.7 MS/MS of the Lys-C fragment MH* 1165 of dahlein 4.1. The sequence derived from the
B cleavages is shown above the spectrum, while that from the Y+2 cleavages is indicated beneath
the spectrum. (See Experimental for full details).

Metþlation of dahlein 4.1 gives an ester with an [M+2H]2+ ion at m/z 1280.5, indicating a

mass difference of 73 Da between the ester and the parent peptide. Thus, dahlein 4.1

contains three amides and two carboxylic acid groups. Two acid and two amide-

containing residues occur in the sequence so an amide group must be present at the C-

terminal. This was also suggested by the [M+2H-NH¡]2* ion present at m/z 1235.5 in the

MS/MS spectrum of dahlein 4.1. Combining all the MS results gives a final sequence of

Gly Leu Trp Gln Leu Ile Lys Asp Lys Ile Lys Asp Ala Ala Thr Gly Phe Val Thr Gly Ile

Gln Ser-NH2, which was confirmed by Edman sequencing. The data obtained for the th¡ee

dahlein 4 peptides are listed in Table 2-3.
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Table 2-3 MS data for the dahlein 4 peptides isolated lrom L. dahlii.

Dahtein 4.1lnil/.. 24871

Methylation gives a methyl ester, [M+2H12* 1280.5 (two COrH groups and three CONH2).

lM+2Hr* 1244 [M+2H-NH.!2* 1235.5

B ions m/z 2255,2142,2085,1984, 1885, 1738, 1681, 1580,

1509, 1438, 1323,1195, 1082, 954, 839, 711, 598, 485,

357,171
[(170) Trp Gln Leu lle Lys Asp Lys lle Lys Asp Ala Ala
Thr Gly Phe Val Thr Gly lle (232)l

/+2 ions m/z 2003,1890,1777,1649, 1534, 1406, 1293, 1050,

979, 908, 807, 750,603, 504, 403, 346, 233

[(484) Leu lle Lys Asp Lys lle (243) Ala Ala Thr Gly Phe

Val Thr Gly lle (232)l

Lys-C digest gives MH* 857, 1090, 1165 and 1406

MH* 857 B ions m/z 839,71 1, 598, 485, 357 , '|'71

[(170) Trp Gln Leu lle Lys-OH]
f+2 ions m/z 800,687, 501 ,373,260, 147

[Gly Leu Trp Gln Leu lle (Lys-OH)l
Sequence Gly Leu Trp Gln Leu lle Lys-OH

MH* 1165 B ions m/z 1148,1061, 933, 820, 763, 662, 563,416, 359, 258

1e57) Thr Gly Phe ValThr Gly lle Gln Ser-NHrl

f+2 ions m/z 979,908, 807, 750,603, 504,403, 346,233

[(Asp Ala)Ala Thr Gly Phe Val Thr Gly lle (232)l

Sequence (Asp Ala) Ala Thr Gly Phe Val Thr Gly lle ValThr Gly lle

Gln Ser-NH,

Dahlein 4.1 sequence:
Gly Leu Trp Gln Leu lle Lys Asp Lys lle Lys Asp Ala Ala Thr Gly Phe Val Thr Gly lle Gln

Ser-NH,

Dahlein 4.2 ll{lB* 24871

Methylation gives a methyl ester, [M+2H12* 1280.5 (two CO,H groups and three CONH2).

lM+2Hf* 1244 [M+2H-NH3I2* 1235.5

B ions m/z 2255, 2142, 2085, 1984, 1885, 1772, 1715, 1614,
1543, 1472, 1357 , 1229, I 1 16, 988, 873,745,632, 485,

357, 171

[(170) Trp Gln Phe lle Lys Asp Lys Leu Lys Asp Ala Ala
Thr Gly Leu Val Thr Gly lle (232)I

f+2 ions m/z 2131, 2003, 1856, 1743, 1615, 1500, 1372,1259,
1131, 1016, 945,874,773,716,603, 504,403, 346, 233

[(356) Gln Phe lle Lys Asp Lys Leu Asp Ala Ala Thr
Gly Leu Val Thr Gly lle (232\l
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Dahlein 4.2 [MH* 24871 (continued)

Lys-C digest gives MH* 891 , 1131 and 1 134

MH* 891 B ions m/z 873,745,632
f(631) lle Lys-oHl

Y+2 ions m/z 834,721,535,4O7,260, 147

[Gly Leu Trp Gln Phe lle (Lys-OH)l
Sequence Gly Leu Trp Gln Phe lle Lys-OH

MH. 1 131 B ions m/z 11'14, 1027 ,899, 786, 729, 628, 529

t(528) ValThr Gly lle Gln Ser-NHrl

Y+2 ions m/z 1016,945,874,773,716,603, 504

[Asp Ala Ala Thr Gly Phe Val (503)l

Sequence Asp Ala Ala Thr Gly Phe ValThr Gly lle Gln Ser-NH,

Dahlein 4.2 sequence:
Gly Leu Trp Gln Phe lle Lys Asp Lys Leu Lys Asp Ala Ala Thr Gly Leu Val Thr Gly lle Gln

Ser-NH,

Dahlein 4.3 [MH* 25211

Methylation experinents were unsuccessful for this species

fM+2Hr* 1261 [M+2H-NH3|2* 1252.5

B ions m/z 2176, 2119, 2018, 1919, 1806, 1749, 1648, 1577,
1 506, 1 391, 1263, 1 1 1 6, 988, 87 3, 7 45, 632, 485, 357,
171

I(170) Trp Gln Phe lle Lys Asp Lys Phe Lys Asp Ala Ala
Thr Gly Leu Val Thr Gly (345)I
m/z 2037 , 1890, 1777 , 1649, 1 534, 1406, 1259, 1131,
1016, 945, 874. 716,603, 504, 403, 346, 233
(484) Phe lle Lys Asp Lys Phe Lys Asp Ala Ala (158)

Leu Val Thr Gly lle (232)I

Lys-C digest gives MH* 891 and 1131

MH* 891 B ions m/z 873,745,632, 485,357, 171

[(170) Trp Gln Phe lle Lys-OH]
Y+2 ions mh 834,721,535,407,260,147

[Gly Leu Trp Gln Phe lle (Lys-OH)l
Sequence Gly Leu Trp Gln Phe lle Lys-OH

MH* 1 131 B ions m/z 1114, 1027 ,899, 786, 729,628, 529, 416

t(415) Leu ValThr Gly lle Gln Ser-NHrl

Y+2 ions m/z 945,874,773,716,603,504
[(186) Ala Thr Gly Leu Val (503)l

Sequence (186) Ala Thr Gly Leu Val Thr Gly lle Gln Ser-NH,

Dahlein 4.3 sequence:
Gly Leu Trp Gln Phe lle Lys Asp Lys Phe Lys Asp Ala Ala Thr Gly Leu Val Thr Gly lle Gln

Ser-NH,

Y+2 ions
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2.2d Dahlein 5.6

Dahlein 5.6 is a major peptide component that elutes around 29 minutes. Analysis of this

compound by ESI-MS indicated a prominent [M+2H]2* peak at m/z 1094.5, as well as a

minor MH+ peak at m/z 2188. The MS/MS spectrum of the [M+2H]2+ ion is shown below

in Figure 2.8.

Iæu Ala Glu Iæu

17041747
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Figure 2.8 MS/MS of [M+2H]2. 1094.5 of dahlein 5.6. The sequence derived from the B cleavages
is shown above the spectrum, while that from the Y+2 cleavages is indicated beneath the
spectrum. (See Experimental for full details).

Figure 2.8 shows the partial amino acid sequence (170) Leu Ala Ser Leu Gly Lys Val Phe

Gly Gly Tyr Leu Ala Glu Lys Leu Lys Pro Lys-OH for dahlein 5.6. Digestion of this

peptide with Lys-C endoprotease gave three small peptides with m/z 485, 758 and 1449,

confirming the presence of lysine residues at positions 8 and 17. The additional lysine

residues at positions 19 and 2l were confirmed by Edman sequencing. The MS/MS

spectrum of the fragment with MH* at m/z 758 is shown in Figure 2.9.The data give the

sequence of the first eight residues as Gly Leu Leu Ala Ser Leu Gly Lys-OH.
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Iæu Ala Ser læu (GlY LYs - OH)

2U

7ß
475

555
171 588

nlz

758

404
317 42

701

HO-Lys Gly læu Ser Ala l¿u læu GIY

Figure 2.9 MS/MS of the Lys-C fragment MH* 758 of dahlein 5.6. The sequence derived from the
B cleavages is shown above the spectrum, while that from the Y+2 cleavages is indicated beneath
the spectrum. (See Experimentalfor full details).

Metþlation of dahlein 5.6 produced a methyl ester, [M+zHl'* at m/z I108.5, indicating

the ester was 28 Da greater in mass than the parent peptide. Thus, datrlein 5.6 contains two

acid groups and the C-terminal group must therefore be a carboxylic acid. This agrees

with the assignment made from close inspection of the MS/MS spectrum of dahlein 5.6,

which shows a peak at m/z 1085.5 due to the [M+2H-HrO]'* ion. Thus we have the final

sequence of Gly Leu Leu Ala Ser Leu Gly Lys Val Phe Gly Gly Tyr Leu Ala Glu Lys Leu

Lys Pro Lys-OH. The MS structural data for all six datrlein 5 peptides are summarised in

Table2-4.

Dahleins 5.3-5.6 were found to contain tyrosine residues. In the more than 200 peptides

characterised from Australian anurans, the only peptides shown to contain tyrosine have

been the caerulein and caerulein-like neuropeptides, which are only active when the

tyrosine residues are sulfated. Peptides containing sulfated tyrosine residues produce only

weak MH* ions but have pronounced peaks in their mass spectra due to [MH+-SO3]* ions

[26]. Thus, it is possible to miss the existence of a sulfate group using positive ion MS.

Negative ion mass spectra, however, clearly indicate the presence of a sulfate group

because strong peaks are observed for both the [M-H]- and [(M-H)-SO3]- ions [26].

Negative ion spectra were recorded for dahleins 5.3-5.6 and no evidence was found for

sulfation of the tyrosine residues.
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Table24 MS data for the dahlein 5 peptides isolated l¡om L. dahlii

Chapter 2

Dahlein 5.1 [MH.19531

Methylation gives a methyl ester, [M+2H12* 999 (one CO,H and two CONH2 groups)

lM+2Hr* 977 [M+2H-H2O]2* 968

B ions m/z 1935,1838, 1710, 1597, 1469, 1355,1284,1'171,

irl?1;i3t¿iriiJlie re Ara Asn Lys Leu Lys pro-oHl

Y+2ions m/z 1953,1783, 1670, 1613, 1526, 1413,1356,1242,
1171, 1058, 1001, 930, 783, 670

[(170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe
lle (66e)l

Lys-C digest gives MH* 357 and [M+2H]2* 8OB

B ions m/z 1469,1355,1284,1171,1024,953, 896, 783,712,
598, 541

t(540) Gly Asn Ala lle Gly Ala Phe lle Ala Asn (Lys-OH)l

Y+2ions m/z 1445,1332,1275,1188, 1075, 1018,904,833,720,
663, 592, 445

[(170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe (444)l

Sequence (170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle Ala
Asn (Lys-OH)

Dahlein 5.1 sequence:
Gly Leu Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle Ala Asn Lys Leu Lys Pro-OH

Dahlein 5.2 [MH* 20821

Methylation gives a methyl ester, [M+2H]2* 1063 (one CO2H and two CONH2 groups).

[M+2HI2* 1041 [M+2H-H2Or* 1032

B ions mlz 1935,1838, 1710, 1469, 1355, 1284, 1171,'1024,
953, 896, 783, 712, 598, 541, 428, 341, 284, 171

[(170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle

y+2 ions l2Ï,,\',0,?':iìï:,'iä:;:ià1,, ,1484,1s70, i2ss,
1186, 1129, 1058, 911, 798, 727,613,485,372,244,
147

t(170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle
Ala Asn Lys Leu Lys Pro (Lys-OH)l

Lys-C digest gives MH* 485 and 1615

MH* 1615 B ions m/z 1597,1469, 1355, 1284,1171,1024,953, 896, 783

lF82) lle Gly Ala Phe lle Ala Asn Lys-OHl
Y+2 ions m/z 1445, 1332, '1275, 1 188, 1075, 1018, 904, 833, 720,

663, 592

[(170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala (591)l

Sequence (170) Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle Ala

Asn Lys-OH

Dahlein 5.2 sequence:
Gly Leu Leu Gly Ser lle Gly Asn Ala lle Gly Ala Phe lle Ala Asn Lys Leu Lys Pro Lys-OH
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Dahlein 5.3 [MH* 20261

Methylation gives a methyl ester, [M+2H12* 1027.5 (two COzH groups).

[M+2H]2* 1013.5 [M+2H-HrOl2* 1004.5

B ions m/z 1911, 1783,'1670, 1542, 1413, 1342, 1229, 1066,

1 009, 952, 839, 740, 61 2, 555, 442, 355,284, 171

[(170) Leu Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu

Ala Glu Lys Leu Lys (Pro-OH)l
m/z 1856, 1743, 1672, 1585, 1472, 1415, 1287, 1'188,

1075, 1018, 961, 798, 685, 614, 485, 357,244
t(170) Leu Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu

Ala Glu Lys Leu (243)l

Lys-C digest gives MH* 758 and 1287

MH* 758 B ions m/z 740,612, 555, 442,355,284,171
t(170) Leu Ala Ser Leu Gly Lys -OHl

Y+2 ions m/z 701, 588, 475, 404,317,204, 147

[Gly Leu Leu Ala Ser Leu Gly (Lys-OH)]

Sequence Gly Leu Leu Ala Ser Leu Gly Lys-OH

Dahlein 5.3 sequence:
Gly Leu Leu Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu Ala Glu Lys Leu Lys Pro-OH

Dahlein 5.4 [MH.21401

Methylation gives a methyl ester, [M+2H]2* 1084.5 (two CO,H groups).

[M+2H]2* 1070.5 [M+2H-H2O]2* 1061.5

B ions m/z 1897,1769, 1656, 1528, 1399, 1328, 1215, 1052,
gg5, 938, 825,726,598, 541 , 428, 341, 284, 171

t(170) Leu Gly Ser lle Gly Lys Val Leu Gly Gly Tyr Leu

Ala Glu Lys Leu Lys (243)l
Y+2 ions mh 1857,1800,1713,1600, 1543,1415, 1316,1203,

1 146, 1089, 926, 813, 742, 613, 485, 372, 244, 147

t(283) Gly Ser lle Gly Lys Val Leu Gly Gly Tyr Leu Ala
Glu Lys Leu Lys Pro (Lys-OH)l

Lys-C digest gives MH* 485, 744 and 1415

MH*744 Bions mh726,598,541 ,428,341,284,171
[(170) Leu Gly Ser l]e Gly Lys-OHl

l+2 ions m/z 687 , 574, 461, 404, 317,204, 147

[Gly Leu Leu Gly Ser lle Gly (Lys-OH)]
Sequence Gly Leu Leu Gly Ser lle Gly Lys-OH

Dahlein 5.4 sequence:
Gly Leu Leu Gly Ser lle Gly Lys Val Leu Gly Gly Tyr Leu Ala Glu Lys Leu Lys Pro Lys-OH

Y+2 ions
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Dahlein 5.5 fMH.21541

Methylation gives a methyl ester, [M+2H]2* 1091.5 (two CO,H groups).

[M+2H]2* 1077.5 [M+2H-H2O]2. 1068.5

Bions m/z 1911,1783,1670,1542,1413,1342,1229,1066,
1009, 952, 839, 740, 612, 555, 442, 355, 294, 171

[(170) Leu Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu
Ala Glu Lys Leu Lys (243)l

Y+2 ions m/z 1871, 1800, 1713, 1600, 1543,1415,1316, 1203,
1 146, 1099, 926, 913, 742, 613, 495, 372, 244, 147

[(283) Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu Ala
Glu Lys Leu Lys Pro (Lys-OH)l

Lys-C digest gives MH* 758 and 1415

MH* 758 B ions m/z 740,612, 555, 442,355,284, 171

t(170) Leu Ala Ser Leu Gly Lys-OHl
Y+2 ions m/z 701, 588, 475, 404,317,204, 147

[Gly Leu Leu Ala Ser Leu Gly (Lys-OH)]
Sequence Gly Leu Leu Ala Ser Leu Gly Lys-OH

Dahlein 5.5 sequence:
Gly Leu Leu Ala Ser Leu Gly Lys Val Leu Gly Gly Tyr Leu Ala Glu Lys Leu Lys Pro Lys-OH

Dahlein 5.6 [MH.21881

Methylation gives a methyl ester, [M+2H]2* 1108.5 (two CO,H groups)

[M+2H]2* 1094.5 [M+2H-H2O]2* 1085.5

B ions m/z 1945, 1817, 1704, 1576, 1447,1376, 1263, 1100,
1043, 986, 839, 740, 612, 555, 442, 355, 294, 171

t(170) Leu Ala Ser Leu Gly Lys Val Phe Gly Gly Tyr Leu

y+2 ions l2orï','J,".,'3ä,ttrt !i1t¿ 7, 16s4, 1577, 144s, 1sso,
1203, ',l146, 1089, 926, 913, 742,613, 495, 372,244,
147

[(170) Leu Ala Ser Leu Gly Lys Val Phe Gly Gly Tyr Leu

Lys-c digest gives MH* 4gs, 7sg and 1449 
a Glu Lys Leu Lys Pro (Lys-oH)l

MH* 758 B ions m/z 740, 555, 442,355,284, 171

[Gly Leu Leu Ala Ser Leu (185)-OHl
Y+2 ions m/z 701, 588, 475, 404,317,204, 147

[Gly Leu Leu Ala Ser Leu Gly (Lys-OH)l
Sequence Gly Leu Leu Ala Ser Leu Gly Lys-OH

Dahlein 5.6 sequence:
Gly Leu Leu Ala Ser Leu Gly Lys Val Phe Gly Gly Tyr Leu Ala Glu Lys Leu Lys Pro Lys-OH
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2.2e Bioactivity Testing

Selected datrlein peptides were synthesised commercially for bioactivity testing. Each

synthetic peptide was shown to be identical to the natural version using mass

spectrometry. Two peptides from each datrlein group were then tested for antibiotic

activity. The results are given in Table 2-5, which also gives the activity of aureins l.l,l.2
and 5.2 for comparison. Here it can be seen that the dahleins I show some broad-spectrum

activity against Gram-positive (G+) bacterial species, similar to that found for the aurein I

peptides. On the other hand, the dahleins 4 and 5, like the corresponding aurein peptides,

have minimal activity toward only one or two species. In contrast to L. ranifurmis and L.

eureq, L. dahlii has no potent broad-spectrum antibacterial peptides.

Table 2-5 Dahlein antibiotic activities and comparison with the activity of aureins 1.1,1.2and5.2
The activity is given as MIC values (pg'mL-t).

Peptide Sequence

Dahlein
1.1

1.2

4.1

4.2

5.1

5.6

Aurein
1.2

5.2

GLFDI IKNIVSTL-NH2

GLFDI IKNI FSGL-NH2

GLVüQL I KDKI KDAATGFVT G I QS -NH2

GLWQFI KDKLKDAATGLVTG I QS -NH2

GLLGS I GNAI GAFÏANKLKP-OH

GLLAS LGKVFGGYLAEKLKPK-OH

GLFDI ÏKKIAES F-NH2

GLMS S I GKALGGL IVDVLKPKT PAS -OH

MIG (¡rg.mL'r)8

Organism Dahlein

1.1 1.2 4.1 4.2 5.1 5.6

Aureinb

1.1 1.2 5.2

Bacillus cereus

Escherichia coli

Leuconostoc lactis

Listeria innocua

Micrococcus luteus

Pasteurella multocida

Staphylococcus aureus

Staphylococcus epidermis

Streptococcus uþer.s

100 100

25 25 100 50 50 12

100

50 100

100

100

100

100

100

50

25

100

'12 100

100

100

100

50

50

50 50

" Where there is no figure listed the MIC value is >100 pg'mL-1
o Data for the aurein peptides are from Rozek ef at. l14l

100 100
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Six representative dahlein peptides have been tested for anticancer activity by the National

Cancer Institute (V/ashington DC, USA). The preliminary assay involves in vitro testing

against three human tumour cell-lines - MCFT (breast), NCI-H460 (lung) and SF-268

(central nervous system) - using a single peptide concentration (1x104 M). Compounds

shown to be active are passed on for second phase testing against a full panel of 55 fumour

cell lines. The results of the first and second phase tests are indicated in Table 2-6,

showing that five out of the six peptides were active at a concentration of lxl04 M.

Second-phase testing showed that only dahleins 5.3 and 5.6 were active at lower

concentrations (lxl0-5 M). Dahlein 4.3 was found to be inactive like its aurein

counterparts. In contrast, the dahleins 5 were found to be active, while the corresponding

aurein peptides are inactive [4].

Table 2-6 Anticancer activity of selected dahlein peptides. Data from the NCI testing programme

[66]; asterisks indicate that the peptide was found to be active in preliminary testing but did not

ihow activity against tumours at concentrations below 1x10-a M. Activities are given as LCæ

values, the minimum molar concentrations required to kill 50% of the cancer cells; these are

shown as n as in 1x10-'M.

Peptide Sequence

Dahlein
1.1

1.2

4.3

5.2

5.3

5.6

GLFDI IKNIVSTL-NHZ *

GLFDI]KNTFSGL-NH,*
c"roZ, 

"ox?xoearcFur., 
o, - oo",

GLLGS I GNAI GAFIANKLKPK-OH*

GLLAS LGKVLGGYLAEKLKP -OH

GLLAS LGKVFGGYLAEKLKPK- OH

Cancef
Leukemia

Lung

Colon

CNS

Melanoma

Ovarian

Renal

Prostate

Breast

Totalb

" The cancers listed indicate the cancer groupings not the individual cancers within a particular grouping.
o Total number of cancers (out of 55) that each peptide is active against within the concentration range given

5.6

5

5

5

5

5

5

5

5

5

38

5.3

>5

5

5

5

5

5

5

5

5

39
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Peptides were tested for inhibition of the enzyme nNOS by the Australian Institute of

Marine Science (Queensland, Australia). The results for selected dahlein I and 5 peptides,

given in Table 2-7, show that while the dahlein I peptides show minor activity, the

dahleins 5 are highly potent, with activity comparable to that of the most active amphibian

peptides found so far Í291. At the time of writing, the testing of the datrlein 4 group of

peptides had not been completed.

Table 2-7 lnhibition of nNOS by dahlein peptides, given as lC5e values (pM)

Dahlein Sequence lCso (rrM)

1.1

1.2

5.1

5.2

5.3

5.6

GLFDI IKNIVSTL-NH2

GLFDI IKNI FSGL-NH2

GLLGS I GNAI GAFIANKLKP-OH

GLLGS I GNAT GAFIANKLKPK-OH

GLLAS LGKVLGGYLAEKLKP-OH

GLLAS LGKVFGGYLAEKLKPK-OH

>70

>70

3.2

2.6

3.0

3.5
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2.3 Discussion

2.3a Peptides from Litoria dahlii

The skin secretion of L. dahlii has been analysed, revealing the presence of caerulein, as

well as 1l novel peptides named dahleins 1.1-5.6. Caerulein is a potent neuropeptide that

acts on smooth muscle to regulate temperature, induce sedation and act as an analgesic

1271. All frogs from the Litoria genus that have been studied so far, with the exception of

L. rubella and L. electrica, secrete this peptide [24,251.

The sequences of the I I new dahlein peptides were found to be similar to the aureins l, 4

and 5 (see below), except that the dahleins 4 were amidated at the C-terminal, while the

aureins 4have C-terminal acid groups.

(e)
Dahlein 1.1

Aurein 1.2

GLFDI IKNIVSTL-NH2
GLFDI ]KKIAESF-NH2

GLVüQL I KDKI KDAATGFVTG I QS -NH2
GL I QT I KEKLKELAGGLVTG I QS -OH

GLLAS LGKVFGGYLAEKLKPK- OH

GLMS S I GKALGGL IVDVLKPKT PAS -OH

Dahlein 4.1

(15) Aurein 4.1

Dahlein 5.6

(11) Aurein 5.2

The dahleins I were found to be antimicrobially active, with comparable activity to their

aurein counterparts. The dahleins 4 and 5, like the corresponding aurein peptides, showed

little antibacterial activity. The dahleins 5.3 and 5.6 were shown to inhibit the growth of

tumour cells, while the dahleins I were only moderately active and dahlein 4.3 was

completely inactive.

lnterestingly, no potent broad-spectrum antibacterial peptides were identified in the

secretion from Z. dahlii, in marked contrast to the secretions of L. raniþrmis and L. aurea,

which each contain six or seven such peptides, i.e., the aureins 2 and3.

The significant similarities between the peptides of L. dahlii and those of L. raniformis

and L. aurea) suggest these frogs have a common ancestor. However, the peptide profiles
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of the latter two species are much closer and have a number of common peptides,

suggesting L. raniþrm¿s and L. aurea are more closely related to each other than they are

to L. dahlii. Thus, evolutionary divergence of the L. dahlii species occurred, probably

because of the pressures of climate and predators.

2.3b Structure and Bioactivity of the Dahleins

The three-dimensional structure of aurein 1.2 has been determined (see Section 6.3). It

adopts a short amphipathic cr-helix structure in the membrane mimicking solvent

TFE/HzO. It is likety that the dahlein 1 peptides also form amphipathic a-helices in

membrane-like environments. This is also suggested by the Schiffer-Edmundson

projection of dahlein 1.1 (Figure 2.10 (a)), which shows that an amphipathic arrangement

of the residues occurs in the a-helical form.
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Figure 2.10 Schiffer-Edmundson wheel projections of (a) dahlein 1 .1 , (b) dahlein 4.1 and (c)

dahlein 5.6. Hydrophilic residues are indicated in blue and hydrophobic residues in red [67].
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The 'schiffer-Edmundson' helical wheel diagram is a graphical method for visualising the

degree of amphipathicity of a peptide sequence [68]. The wheel gives an end-on view of

the helix looking down the long axis. Residues aÍe placed around the wheel at intervals of

100", corresponding to the 3.6 residues per turn for an ideal a-helix.

The Schiffer-Edmundson projection of dahlein 4.1 (Figure 2.10 (b) also shows

hydrophobic and hydrophilic zones, however the hydrophilic face is less defined because

of the leucine residue at position 5. The projection for datrlein 5.6 (Figure 2.10 (c)) does

not reveal any clear amphipathic distribution of residues. The disrupted amphipathicþ

may explain why the dahleins 4 and 5 have only weak antibacterial activþ.

Schiffer-Edmundson projections assume that the peptides form linear a-helices. This may

not be the case, since all of the dahleins 4 and 5 have at least two glycine residues in their

sequences that could induce bends in an a-helical structure. This is particularly true for the

dahleins 5.2-5.6, which have two consecutive glycine residues. Schiffer-Edmundson

projections of the residues before or after the expected bends still reveal some disruption

of the amphipathicity. This is illustrated in Figure 2.ll for dahlein 5.6.
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Figure 2.11 Schiffer-Edmundson wheel projections of (a) residues 1-11 and (b) residues 12-21 oÍ
dahlein 5.6. Hydrophilic residues are indicated in blue and hydrophobic residues in red [67].

The dahlein 5 peptides have been shown to inhibit nNOS at low concentrations. nNOS is

one of three NOS isoforms that catalyse the formation of the signal molecule nitric oxide

(NO) from L-arginine. These complex enzymes are composed of two domains - a

catalytic oxygenase domain that binds heme, tetrahydrobiopterin and arginine, and an

L
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electron-supplying reductase domain that binds flavin adenine dinucleotide (FAD), flavin

mononucleotide (FMN) and nicotinamide adenine nucleotide phosphate (NADPH) [69,

70]. The region connecting the two domains binds the regulatory enzyme calmodulin

(CaM), which stimulates electron transfer from the reductase to the oxygenase domains

t701.

lnhibitors of NOS can act by competing with the substrate L-arginine, interfering with the

binding of cofactors or binding to the enzyme itself and altering its activþ [71]. Direct

action of the amphibian peptides at the active site has been ruled out by studies on

representative amphibian peptide inhibitors, including citropin l.l (5), frenatin 3 (a) and

caerin 1.9 (16), which show that the inhibition is non-competitive [29].

(s)

(4)

(16)

Citropin 1.1

Frenatin 3

Caerin 1.9

GLFDVIKKVASVIGGL-NH2

GLMSVLGHAVGNVLGGL FKPKS - OH

GL FGVLGS IAKHVL PHVVPVTAEKL -NH2

A more likely mechanism has been proposed, where CaM binds the amphibian peptides in

preference to the nNOS calmodulin-binding site. CaM is a calcium-binding protein that

regulates a large number of enzymes in addition to NOS. The sequences of the CaM

binding sites vary greatly from enzyme to enzyme but they generally have some structural

features in common. CaM binding sites are typically comprised of 15-20 consecutive

residues that form a basic, amphipathic a-helix [72]. The dumbbell shaped CaM protein is

thought to wrap a¡ound the amphipathic o-helix, in an arrangement stabilised by both

hydrophobic and electrostatic interactions [73]. Figure 2.12 shows the interaction between

CaM and the CaM binding domain of skeletal muscle myosin light chain kinase

(SMMLCK) as revealed by NMR [74].
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Figure 2.12CaM (red) binds to the CaM binding domain of SMMLCK (yellow) [741

Since the antibacterial peptides are also capable of forming basic, amphipathic a-helices,

it is possible that they too may bind to CaM. In fact, the bee and wasp peptides melittin

(17) mastoparan (18), which are both haemolytic and antibacterial, have been shown

to bind to CaM with dissociation constants (K¿) of 3 nM and 0.3 nM respect|vely 175,761.

It is not known, however, whether these peptides inhibit NOS.

(r7)

(1 8)

Melittin

Mastoparan

G I GAVLKVLTT GL PAL I SVü I KRKRQQ_NH2

INLKALAALAKKI L-NH2

If the amphibian peptides are inhibiting NOS by binding to CaM, then other CaM

regulated enzymes, such as calcineurin, should also be affected. Doyle et al. 129) tested

selected amphibian peptides and found that these peptides did indeed inhibit calcineurin,

albeit at higher IC56 values than were found for nNOS. Furthermore, Doyle et al. l29l

showed that when additional CaM is added to the nNOS assay buffer, inhibition by the

peptides is significantly reduced. Further studies are necessary, however, to conclusively

show that the amphibian peptides are binding to CaM.

Schiffer-Edmundson wheel projections of the dahlein 5 peptides show that they are not

perfectly amphipathic, but while amphipathicity does conelate with CaM binding, it need

not be flawless for binding to occur 1721. For instance, the hydrophilic face of the rat

cerebellar nNOS CaM-binding domain is disrupted by a number of hydrophobic residues,

as judged by its wheel projection [77] (Figure 2.13).
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Figure 2.13 Schiffer-Edmundson wheel projections of (a) the rat cerebellar nNOS CaM-binding

sequence (-KRRAIGFKKLAEAVKFSAKLMGO-) and (b) dahlein 5.6. Hydrophilic residues

are indicated in blue and hydrophobic residues in red [67].

The dahlein I peptides were found to be far less active against nNOS than the dahleins 5,

even though the former are more amphipathic. This could be due to the fact that the

dahleins I only contain a single positively charged residue, while the dahleins 5 contain

two to four lysines.

The role of the nNOS inhibitors in the amphibian secretions is not known. The activity

could simply be serendipitous, due to the similarities between the structural features

required for antibiotic activity and CaM binding, except that a number of nNOS inhibitors

have been identified that are not microbially active, including lesueurin (3) from I.

lesueuri f291.

(3) Lesueurin GLLDILKKVGKVA-NH2

These peptides must have some other role since it is unlikely the animal would produce

and store inactive compounds. If the peptides are exerting their activity by binding to

CaM, then they could influence the activity of a large range of enzymes causing a variety

of effects. Thus, these peptides could be present to regulate some aspect of the animal's

physiology, as has been suggested for other neuropeptides including caerulein 117,241, or

they could act as effective host defence agents.

M
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The dahleins 5 could also have a role in chemical communication since they have

sequence homology to splendipherin (10), the male sex pheromone of L. splendida ll7l.
Behavioural studies should be caried out in the future to determine whether or not this is

the case.

Dahlein 5.6 GLLASLGKVFGGYLAEKLKPK-OH

(10) Splendipherin GLVSSIGKALGGLLADVVKSKGQPA-OH
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2.4 Experimental

2.4a Secretion Gollection and Preparation

Glandular secretions from I. dahlii specimens were acquired with the assistance of

Associate Professor Michael J. Tyler and Mr Ben P. Smith from the Department of

Environmental Biology, University of Adelaide, where the animals were housed.

The animals, held by the back legs, were rinsed with de-ionised water to remove debris

and improve electrical conduction. Electrical stimulation of the dorsal surface was

accomplished using a bipolar electrode of 21G platinum, attached to a C.F. Palmer student

model electrical stimulator. The electrode was rubbed gently over the glandular region, in

a circular motion, applying 10 V pulses of 3 ms duration.

The resulting secretion was washed off with de-ionised water and an equal volume of

HPLC grade methanol added. The resulting mixture was centrifuged and the supernatant

concentrated under vacuum to approximately 4 mL.

2.4b HPLC Separation of Glandular Secretion

Secretions were separated by high performance liquid chromatography (HPLC) using the

following system components: Walters Millipore Lambda Max 481 LC

spectrophotometer, Walters Millipore 510 HPLC pump, V/alters Millipore 501 HPLC

pump, ICI DP 800 data interface and ICI DP 800 data station.

A VYDAC Cl8 HPLC column (5 micron, 3004, 4.6 x 250 mm) (Separations Group,

Hesperia, CA, USA) was initially equilibrated with 10olo acetonitrile/aqueous 0.1%

trifluoroacetic acid. For each run 500 pL of secretion was injected. A linear solvent

gradient, controlled by the DP 800 data station, increased the acetonitrile content to 70Vo

over 60 minutes at a flow rate of I ml.'min'l. The eluant was monitored by ultra-violet

absorbance at 214 nm. The HPLC chromatogram was complex, such that further HPLC

separation was required for a number of fractions in order to provide pure compounds.

Fractions were collected, concentrated and lyophilised before subsequent analysis.
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2.4c Mass Spectrometry AnalYsis

Electrospray mass spectra were acquired using a Micromass Q-TOF 2 hybrid orthogonal

acceleration time of flight mass spectrometer with a mass range to 10000 Da. The

Q-TOF 2 is fitted with an electrospray source in an orthogonal configuration with the

Z-SPRAY interface. Samples were dissolved in methanol/water (1:l v/v) and infused into

the electrospray source with a flow rate of 5 ¡rl-'min 
l. Conditions were as follows:

capiltary voltage 3 kV, source temperature 80oC, desolvation temperature l50oC and cone

voltage 50-ll0 V. MS/MS datawere acquired withthe argon collision gas energy setto

-50 eV to give optimal fragmentation. Peptides were analysed in the positive mode.

2.4d Determination of the Peptide Terminal Group

The terminal group for each peptide was determined by metþlation using 'acidified

methanol'. Acidified methanol was prepared by cooling methanol (858 pL) in dry ice for

5 minutes, adding acetyl chloride Qaz ¡tJ-) under nitrogen and cooling again for 5

minutes. The solution was allowed to warm to room temperature over one hour, flushing

with nitrogen every 15 minutes. The reagent was stored at - 4C for a maximum of 5

days.

The acidified methanol (-100 ¡rL) was added to a sample of lyophilised peptide (-5-10

pg) and the solution heated at 45oC for one to two hours. The mixture was then diluted

with water and analysed by ESI mass spectrometry.

2.4e Lys-C Digestion

One microlitre of Lys-C solution (3 units dissolved in 200 pL water) was added to a

solution of purified peptide (:-50 pg) in aqueous ammonium hydrogen carbonate solution

(0.1 M, 5 pL, pH: 8). The resulting mixture was incubated at 45"C for one to two hours,

before diluting with water and analysing by ESI mass spectrometry.
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2.4¡ Automated Edman Sequencing

Automated Edman sequencing was used to distinguish between the isomeric residues

isoleucine and leucine and the isobaric residues glutamine and lysine, and to confirm the

sequence as determined by mass spectrometry. This was caried out at the Department of

Molecular Biosciences, University of Adelaide, using an applied Biosystem 470A

sequencer equipped with a 9004 data analysis module.

2.4g Preparation of Synthetic Peptides

Peptides were synthesised by Mimotopes (Clayton, Victoria) using L-amino acids via the

standard N-a-Fmoc method. Full details, including protecting groups and deprotection,

have been reported [78]. Synthetic peptides were shown to be identical to the natural

samples by mass spectrometry.

2.4h Antibacterial Testing

Antibacterial testing was carried out by the Microbiology Department of the Institute of

Medical and Veterinary Science (Adelaide, South Australia). The method used involved

the measurement of inhibition zones, produced by the applied peptide, on a thin agarose

plate containing the micro-organisms of interest. The procedures are standard [58].

Activities are recorded as minimum inhibitory concentration (MIC) values, which are the

minimum peptide concentrations (¡rg'ml-r) needed to totally inhibit the growth of the

micro-organism.

2.4a AnticancerTest¡ng

Peptides were first tested against three human tumour cell lines - MCFT (breast), NCI-

H460 (lung) and SF-268 (central nervous system). Active peptides were p¿rssed on to a

second round of testing, this time against a full panel of 55 cancer cell-lines. Assays were

conducted by the National Cancer Institute (Washington D.C., USA) using a standard

protocol 159,661.
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2.4j Neuronal Nitric Oxide Synthase lnhibition Testing

¡NOS inhibition assays were conducted by Mr Jason R. Doyle and Dr Lyndon E.

Lleweltyn (Australian Institute of Marine Science, Queensland). Inhibition was measured

by monitoring the conversion of [3H]arginine to ¡3Ulcittuttine, using standard methods

Í2e1.
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Chapter 3 Introduction

3.1 Antibacterial PePtides

A variety of microbially active peptides have been found in plants, insects, crustaceans,

mammals and even in microbes themselves. These peptides are an important form of

defence against pathogens, especially for plants and invertebrates, which do not have

highly developed and adaptive immune systems [79].

Even vertebrates, with their versatile immune systems that are capable of responding to an

infinite number of foreign invaders, have a need for antibacterial peptides. This is

illustrated by the finding that inactivation of human p-defensin peptides in cystic fibrosis

sufferers, leads to terminal respiratory infections [80].

Animals are host to an assortment of microbial species, an arrangement that seems to be

mutually beneficial. Stable colonies of innocuous organisms, for instance, can prevent the

invasion of more pathogenic strains [81]. However, the normal flora can become

pathogenic themselves if they are able to breach the body's surface. Having a defence

system capable of quickly bringing these organisms under control is of high importance.

Animals, as seemingly diverse as hippopotami and amphibians, are known to protect their

skin from microbes using peptides [39]. As well as defending their skin from infection,

amphibians also release antibacterial peptides into the stomach [82]. Insects, on the other

hand, synthesise such peptides in the fat body (the equivalent of a mammal's liver), then

circulate these throughout the haemo-lymphatic system in response to tissue damage [83].

In humans, the antibacterial defensin peptides are expressed in the epithelial cells of the

airways and gastro-intestinal tract, in close proximity to potential sites of infection [30].

They are also sequestered in granules within neutrophils [84]. These cells circulate in the

blood and are the first immune system cells to arrive following an inflammatory response.

Thus antibacterial peptides are produced close to potential sites of infection and/or are
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released into the circulation for fast distribution once the external barriers have been

breached.

While this 'innate' immune system is not nearly as specific or adaptive as the acquired

immune system, with its infinite repertoire of antigen-specific antibodies, it does have

advantages of its own. For one thing, antibacterial peptides are less costly to synthesise

and require less genetic information [35]. Their production is fast and they can be stored

for immediate release [82]. They can also diffuse more rapidly than antibodies [30].

Each peptide is generally active against a wide range of bacteria. Organisms often produce

a series of different peptides, each with a different spectrum of activity, to protect against

an even greater number of pathogens. The mixture of peptides can also have a dramatic

synergistic effect, as has been shown for the magainins and dermaseptins [85, 86]. ln the

case of the dermaseptins, combining the peptides can result in 100 times the activity of the

individual peptides [86].

For antibacterial peptides to be useful, they must be selective for pathogenic cells. The

majority of the peptides studied so far have been shown to satisfr this condition [87]. The

magainins, for example, are active against bacteria at concentrations of 10-100 pg'ml.-l

while more than I mg.ml-l is necessary to lyse erythrocytes [SS]. Other peptides have

strong haemol¡ic activity as well as antibacterial action. These include melittin from bees

[89], alamethicin from the fungus Trichoderma viride [90] and gramicidin A from the

bacterium Bacillus brevis Í91, 921.

Traditional antibiotics target specific enzymes that are essential for bacterial survival [93].

However, organisms may acquire resistance to the antibiotic, if mutations produced over

successive generations change the shape of the et:zyme, rendering it unrecognisable to the

antibiotic. Over time, many strains of bacteria have emerged that are resistant to currently

used antibiotics [9, 94]. Thus minor infections that are easily treatable today may become

life threatening in the future. Clearly, new antibiotics are needed and preferably ones that

have a novel mechanism of action.
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Instead of inhibiting specific enzymes, most antibacterial peptides target the bacterial cell

surface [SS]. They are thought to destroy the integrity of the membrane, causing a swift

death. Since no mutatable proteins are involved, development of resistance is more

difficult. Furthermore, the speed with which the peptides kill means that there is little time

for the adaptive process to occur. Hancock et al. 187,94] have looked at bacteria that were

exposed to peptide antibiotics over many generations and have found no measurable rates

ofresistance.

Antibacterial peptides can be classified into three broad groups based on their structure.

The first group comprises cysteine-containing peptides that have one or more

intramolecular disulphide bonds. While this group contains many sub-groups of different

structural motifs, B-sheet is the main secondary structure element found [39]. The

tachyplesins, from the horseshoe crab (e.g. 20), and the defensins (e.9. 2l) belong to this

class [38, 88].

t-T
(20) Tachyplesin I H2N-KWCFRVCYRGICYRRCR-NHz

(21) DefensinHNP-1 ACYCRIPACIAGERRYGTCIYQGRLVüAFCC

The second group contains peptides with a high proportion of one or more amino acids,

usually proline and/or arginine [35]. These molecules have an extended helical structure

and include bactenecin (22) [35], a peptide from bovine neutrophils, and PR-39 (23) from

pigs [31].

(22) Bactenecin

R FRP P I RRP P I R P P FY P P FR P P I RP P I FP P I RP P FRP PLG P FP-NH2

(23) PR-3e

RRRPRPPYLPRPRPP P FFPPRL P PRI P PGFP PRFPPRFP-NH2
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The final group consists of linear c-helical peptides with no cysteine residues. The insect-

derived cecropins (e.g.24) [95] and the amphibian magainin peptides (e.g. 25) [1 1] belong

to this group. Members of this class are often kinked due to helix-breaking residues in the

sequence.

(24)

(2s)

Cecropin A

Magainin I

KWKL FKKI EKVGQN I RDGI I KAGPAVAVVGQATQIAK-NH2

GI GKFLHSAGKFGKAFVGE IMKS -OH

Antibacterial peptides can manifest a wide range of three-dimensional structures but there

is one characteristic that seems to be universally present. They all exhibit distinct

hydrophobic and hydrophitic portions [96]. Thus, an amphipathic nature seems to be

important for their mechanism of action.

Presumably antibiotic peptides of the same general structure will have a similar mode of

action so identiffing which structural group new peptides belong to will give a good idea

of how they work. The antibacterial peptides isolated from Australian tree frogs seem to

fit into the linear a-helical peptide category, as they do not contain cysteine residues and

no amino acids are present at unusual frequencies [12].

More direct evidence comes from the solution structures that have been determined for

representative members of the caerin (e.g. 6) Í97,981, maculatin (e.g. 7) [99] and uperin

(e.g.26) [100] families, in membrane-mimicking solvents. All peptides examined so far

have been shown to form amphipathic a-helices, with many having a kinked region of

greater flexibility in the middle of the structure.

(6)

(7)

(26)

Caerinl.l GLLSVLGSVAKHVLPHVVPVIAEHL-NH2

Maculatin 1. I GLFGVLAKVAAHVVPAIAEHF-NH2

Uperin3.6 GVIDAAKKVVNVLKNLF-NH2
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3.2 Mechanisms of Action of Antibacterial Peptides

3.2a General Mechanism

Antibacterial peptides are generally believed to operate by permeabilising the bacterial

cell membrane, resulting in the uncontrolled flow of ions and small molecules across the

bilayer [30, 31, 87]. This leads to dissipation of the membrane potential, uncoupling of

respiration and cell lysis [01-106].

The finding that the all-D isomers of selected peptides have equivalent activity to the

natural L form lends weight to the idea of a membrane target as it rules out specific chiral

interactions [107]. Care should be taken, however, before extrapolating this result to all

peptides as alternative cellular targets, such as DNA and RNA, have been proposed for

individual peptides, including buforin II [108], nisin Z [09] and indolicidin I l0].

Nevertheless, the majority of antibacterial peptides are thought to act by disrupting the

integrity of the cytoplasmic membrane. The exact details of how this occurs are still

unclear, despite a vast number of studies [reviewed in 30, I l0]. Several models have been

put forward to account for the available evidence and these will be described in the

following sections.

3.2b The Barrel-Stave Model

All antibiotic peptides were initially thought to act via the 'barrel-stave' mechanism [112,

113]. In this model, the unstructured cationic peptides bind to the membrane surface,

where they adopt an amphipathic a-helical form [14-116]. This form allows improved

interactions between the polar residues and the lipid head-groups.

The peptides aggregate on the surface, before inserting into the bilayer to form barrel-like

pores (Figure 3.1). The individual peptides, or 'staves', are arranged such that they are

perpendicular to the plane of the bilayer, with their hydrophobic surfaces facing the core
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of the bilayer and their hydrophilic surfaces lining the central pore. Progressive insertion

of additional monomers increases the size of the cha¡nel [117].

Figure 3.1 The barrel-stave mechanism: (a) the initially unstructured peptides bind to and

aggregate on the membrane surface as cr-helices before (b) inserting into the bilayer to form

Oãirel-l¡t<e pores. Peptides in the helical form are represented by cylinders. The hydrophilic regions

of the bilayers and peptides are coloured green and blue respectively, while the hydrophobic

regions are coloured yellow and red.

One of the critical points of this mechanism is the initial aggregation of peptide

monomers. This step is necessary to counter the energetic cost of placing polar residues in

the hydrophobic core of the bilayer during insertion tllU. Thus, evidence of aggregation,

such as cooperativity of binding, implies the barrel-stave mechanism is acting [117].
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Other evidence consistent with the barrel-stave mechanism includes the observation of a

perpendicular orientation of the peptide monomers, induction of conductance across a

model bilayer and the direct observation of channels, e.g. by neutron diffraction.

Alamethicin (27), a 2O-residue antibiotic peptide isolated from the fungus Trichoderma

viride, is generally recognised as acting via the barrel-stave mechanism [reviewed in 45].

This is supported by evidence of cooperativity in the binding isotherms of alamethicin

[118] as well as the observation of reproducible multiple conductance states in lipid

membranes [119-12U. The changes in conductance are consistent with monomers leaving

or joining the pore structure ll22l.

(27) Alamethicin Acetyl-UPUAUAQUVUGLUPVUUEQ(PhoI)-OH

U: o-methylalanine and Phol = phenylalaninol

A solid-state ttN NMR study indicated that alamethicin adopts a transmembrane

orientation at a lipid-to-peptide ratio (L/P) of 8:l tl23l. The orientation of alamethicin was

also investigated by oriented circular dichroism (OCD) but was found to vary according to

the particular experimental conditions used U24,1251. Peptide concentration was found to

be the most important factor determining orientation, with low concentrations favouring a

surface orientation and high concentrations favouring a transmembrane orientation ll22l.

This suggests that at low concentrations, alamethicin is predominantly in an inactive state

but as concentration increases, the active channel-forming state is increasingly favoured

tl26l. Similar results have been found for the magainins and cecropins [127] and meliuin

lt24l.

Neutron scattering experiments have detected alamethicin pores in model membranes

tl2S]. Each channel consisted of eight monomers and had an internal diameter of around

18 Ä.. Such channels were only found when the peptides had a transmembrane orientation,

as determined by OCD [28].

While it is generally agreed that alamethicin operates by the barel-stave mechanism, there

are problems with applying this model to other peptides. For instance, according to the

banel-stave model, peptides must be at least 20 residues in lengfh to span the bilayer since
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an a-helix has a length of approximately 1.5 Ä, per residue and the diameter of a bilayer is

around 30 Ä. [95, 129], and yet, large numbers of short (ll-16 residues) antibacterial

peptides exist [e.g. 36, 60, 6U.

It has been suggested that short antibacterial peptides could form end-to-end dimers to

attain the length required Í132, 1331. Gramicidin A (28), for example, is known to form

head-to-head dimers that allow the passage of ions across lipid bilayers [92]. Gramicidin

A is a special case, however, since it forms B-helices that are large enough to allow the

flow of ions through the centre of the helix [92, 134].

(28) Gramicidin A Formyl-VGAlAvVvWlVüIVüIW-NHCH2CH2OH

(lower-case letters denote D-amino acids)

Alternatively, peptides may adopt 3lo helical structures, which have an average length of

2 Ã, per residue, compared with 1.5 .{ per residue for an a-helix Î1321. 3ro Helical

structure has been observed in the peptabiol group of peptides, of which alamethicin is a

member tll7l. Even so, peptides would still require at least 15 residues to span a lipid

bilayer.

Another problem with the barrel-stave model is that most antibacterial peptides are highly

cationic along their lengths, unlike the essentially neutral alamethicin U121. Ananging

such peptides into a barrel structure would bring large numbers of positively charged

residues into close proximity, resulting in considerable electrostatic repulsion.

Furthermore, these pores would be expected to be anion-selective. For magainin, however,

cation-selective conductance was observed [35]. Cruciani et al. [135] suggested that

cation-selective conductance could be explained if negatively charged lipids were

incorporated into the channel structure. This led to the development of the toroidal or

'worm-hole' model 1136, t371.
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3.2c The Toroidal Model

In the toroidal model, the surface-bound peptides undergo rotation, such that they partially

sink into the membrane surface. This allows the hydrophobic residues to move into

contact with the lipid acyl chains, while the hydrophilic residues maintain interactions

with the polar head-groups [37].

Above a critical peptide concentration, the peptide monomers insert into the bilayer to

form pore structures. Lipid molecules are interspersed between the peptides, such that the

negatively charged head-groups are associated with the positive charges of the peptide

side-chains, as well as the aqueous pore interior (Figure 3.2). As a consequence, the

toroidal pores would be larger than those of the barel-stave type and both lipids and

peptides should be able to cross to the other side of the bilayer.

The accumulated data on the X. laevis peptide magainin 2 (29) suggest it conforms to the

toroidal model. The results of fluorescence studies on Trp labelled magainin analogues

suggest the peptides intercalate into the membrane such that they lie parallel to the surface

t13Sl. This is consistent with solid-state rsN NMR studies that also indicate a parallel

orientation for magainin [139]. OCD results again indicated a parallel orientation for

magainin, however at a low lipid-to-peptide (L/P) ratio (10:l) magainin was found to shift

to a transmembrane orientation (i.e., perpendicular to the plane of the membrane) U401.

(29) Magainin2 GIGKFLHSAKKFGKAFVGEIMNS-oH

Pore structures were identified by neutron scaffering experiments, when magainin was

incorporated into model bilayers t136]. The internal diameter of these structures ranged

from 30 to 50 Ä, in different bilayer systems, much larger than the corresponding

alamethicin pores (18 Ä.) t5Sl. It was estimated that each pore was made up of only four to

seven monomers, while at least 12 monomers would be required to form a barrel-stave

type pore of such diameter U22).
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Figure 3.2 The toroidal mechanism: (a) the initially unstructured peptides bind to the membrane

surface as q-helices before (b) rotating and sinking into the lipid head-group region and (c)

inser¡ng into the bilayer to form toroidal pores. Peptides in lhe helical form are represented by

cylindeis. The hydroþhilic regions of the bilayers and peptides are coloured green and blue

respectively, while the hydrophobic regions are coloured yellow and red.
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Matsuzaki et al.ll4l,l42f were able to detect the translocation of both magainin and lipid

from the outer to the inner leaflet of the membrane. The lipid translocation (or 'flip-flop')

half-lives were accelerated from around 8 days in the absence of peptide to the order of

minutes in the presence of magaininflaz].

Accumulated data for melittin (17), a26-residue peptide isolated from bee venom [89], is

also consistent with the toroidal mechanism. OCD studies indicate that as peptide

concentration increases melittin shifts from a surface to a transmembrane orientation

U221. Solid-state r3C NMR results confirm that at low L/P ratios (ca. l5:l) melittin is

oriented perpendicular to the membrane surface [143]. Neutron scattering experiments

detected pore structures when melittin was transmembrane but not when it was in the

surface orientation and the dimensions of the pores were comparable to those of magainin

lt22l.

(17) Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2

The toroidal model could account for the conductance activity of short antibacterial

peptides, assuming the lipids are able to stabilise the ends of the pore (Figure 3.3) 1144,

145]. However, the validity of this assumption has not yet been tested. It would be

presumed, though, that the pores would be less stable than those formed by longer

peptides. Blondelle and Houghton [146] however, found that the antibacterial activity of

designed Leu/Lys analogues was optimal for peptides of 12-15 residues. Similar results

were found by Castano et al. f147,148] who also discovered their designed peptides were

oriented parallel to the bilayer surface.

Figure 3.3 Cross-sectional view of a toroidal pore formed by short c¿-helical peptides. Peptides in

thã helical form are represented by cylinders. The hydrophilic regions of the bilayer and peptides

are coloured green and blue respectively, while the hydrophobic regions are coloured yellow and

red.
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Further problems with the toroidal model were discovered from experiments on LAII¿

(30), a designed 26-residue peptide that contains four His residues. Solid-state r5N NMR

results showed that at pH 5, where the His residues were protonated, the peptide oriented

parallel to the membrane surface. At pH 7.5, however, the peptide adopted a

transmembrane orientation [149]. Interestingly, at pH 5 the antibacterial activþ of the

peptide was two orders of magnitude greater than at pH 7.5, showing that the surface

oriented peptide was more active U50].

(30) LAH¿ KKALLALALHHLAHLALHLALALKKA-OH

3.2d The Carpet Model

A third model, known as the carpet mechanism, can account for the results discussed

above that were inconsistent with the barrel-stave and toroidal models U5, lll]. The

initial stages of this mechanism are identical to those of the toroidal mechanism - that is,

the unstructured peptide binds to the lipid membrane, where it adopts an arnphipathic

structure before intercalating into the membrane surface. A 'carpet' is formed as

additional monomers cover the surface. Once a threshold concentration is reached,

permeation occurs due to strain on the bilayer curvature, formation of transient toroidal-

type holes and micellisation of the membrane (Figure 3.4) [ll, l5l]. The formation of

transient toroidal pores could account for the variable conductance activity displayed by

many antibacterial peptides Í122, 1521.
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Figure 3.4 The carpet mechanism: (a) the peptides intercalate into the membrane surface; (b)

on-ce a threshold concentration is reached, the membrane disintegrates. At this stage,

transmembrane pores may form allowing peptides to cross the membrane and (c) membrane

segments may bieak off as micelles. Peptìdes in the helical form are represented by cylinders. The

hyðrophilic regions of the bilayers and peptides are coloured green and blue respectively, while

the hydrophobic regions are coloured yellow and red'

It should be noted that while self-aggregation is required for the barel-stave model, it

does not necessarily occur in the carpet mechanism. Instead, the monomers are more

likely to be interspersed between the lipid head-groups due to electrostatic repulsion

between the cationic side-chains. Acidic lipids would help to reduce the electrostatic

repulsion U521.
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The binding curves for members of the cecropin family are linear, indicating they do not

self-aggregate [153]. They also show a preference for binding and permeabilising acidic

over zwitterionic vesicles [95]. In addition, cecropin A (24) and cecropin Pl (31) were

found to orient parallel to the membrane surface 195, 154, 155] and the amount of

cecropin necessary to cause vesicle permeation or bacterial cell death has been calculated

as enough to form a monolayer over the entire bilayer surface [95, 156]. Thus the

cecropins are thought to act by the carpet mechanism.

(24)

(3 1)

Cecropin A

Cecropin Pl

KWKL FKKI EKVGQN ] RDG I I KAGPAVAWGQATQ IAK-NH2

SWLS KTAKKLENSAKKRI S EGIAIAI QGGPR-OH

The carpet model does not require peptides to be a-helical, provided the peptide is still

hydrophobic and highly cationic t15ll. This agrees with the results of Oren et al. ll57l
who designed a series of l2-residue Leu/Lys peptides, each containing four D-amino acids

dispersed along the peptide. These diastereomeric peptides showed no preference for a

particular secondary structure by circular dichroism (CD), yet had comparable antibiotic

activity to dermaseptin S and melittin [157].

Furthermore, cyclised magainin and melittin analogues have been shown to have

antibacterial activity, even though they cannot form transmembrane helices. This indicates

a membrane disintegration mechanism (rather than a pore-forming mechanism) is in

operation for the analogues at least [158].

Despite the similarity in the structures of antibacterial peptides, none of these models

satisfies all of the evidence for all of the peptides, suggesting that a ubiquitous mechanism

does not exist.
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3.3 Specificity of Action

Antibacterial peptides have varying degrees of specifrcþ. Some are active against a broad

spectrum of bacterial species while others may only be active against one or two.

Similarly, while some antibacterial peptides, such as magainins and cecropins, are specific

for prokaryotic organisms [5, 159], others, such as melittin and gramicidin A, can kill

mammalian cells as well [89, 91, 160]. Peptides that are specific for bacterial cell

membranes are candidates for pharmaceutical use, as they would cause no harm to host

cells.

Cell specificity is thought to be due to differences in cell architecture that can influence

the access of peptides and their ability to permeabilise the cytoplasmic membrane. There

are a number of marked differences between bacterial and mammalian cells that may be

responsible for this, including differences in the cell surface, lipid composition and

membrane potential.

The outer surfaces of bacterial cells are anionic due to the presence of lipopolysaccharides

(LPS) in Gram-negative (G-) species and teichoic acids in Gram-positive (G+) organisms

tl61]. Bacterial cytoplasmic membranes also contain a large proportion of anionic

phospholipids, including phosphatidylglycerol (PG) and cardiolipin, and at least a fraction

of these are located on the outer leaflet [88, 162]. The outer leaflet of mammalian cell

membranes, on the other hand, contains only neutral phospholipids [163, 164].

Many studies show that antibacterial peptides bind and permeabilise anionic lipid vesicles

to a much greater extent than neutral vesicles [95, 153, 157,1651. A correlation has also

been observed between the lysis of the inner membranes of G- bacterial species and their

acidic lipid content I l4]. Increasing the ionic strength of the medium results in decreased

binding and antibacterial activity, suggesting that the preference for acidic vesicles is

electrostatic in origin |66,1671.

Matsuzaki et al. tl6Sl found that magainin was unstructured in neutral

phosphatidylcholine (PC) vesicles but adopted an a-helical structure when the vesicles

contained the anionic lipid phosphatidylserine (PS). This corresponded to increased
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permeability of the PS vesicles. Melittin, on the other hand, which is both haemolytic and

antibacterial, has a far greater affinity for PC vesicles than does magainin [88].

There is also evidence for the involvement of anionic materials from the bacterial surface

in antibacterial specificity. Peschel et al. U691, for example, showed that the teichoic

acids from sensitive G* strains were more anionic than those from resistant strains.

Polyanionic LPS molecules make up the outer surface of G- bacteria. Divalent magnesium

ions form cross-links between these molecules, neutralising the charges and stabilising the

membrane tl70]. It has been suggested that cationic peptides can displace the magnesium

ions, breaking down the cross-links and disrupting the integrity of the outer membrane.

This allows the peptides to access and permeabilise the cytoplasmic membrane, resulting

in cell death. Collectively, this process is known as 'self-promoted uptake' [l7l].

A number of antibacterial peptides have been shown to bind to LPS with high affrnity,

both in the pure form and in bacteria 1172,1731. These peptides can be displaced by high

concentrations of magnesium but not sodium, suggesting the peptides and magnesium

compete for the same binding sites U7l,174l.

Magainin adopts an a-helical structure when bound to LPS/PC vesicles and is able to

permeabilise these structures. Similar results are found when only the lipid A portion of

the LPS is present, indicating that this is the site of peptide binding |l73l. Magainin has

also been shown to increase the disorder of the LPS acyl chains, depending on the charge

associated with the LPS molecules, and this is consistent with the finding that resistant G-

bacteria had a lower net negative charge associated with their LPS [175, 176].

Mammalian cells have a negligible membrane potential (- -9 mV), while bacterial cells

possess large inside-negative potentials (- -70 mV) [77]. Magainin activity on both

vesicles and erythrocytes was shown to increase when an inside-negative potential was

generated across the membrane [85, 177]. Membrane potentials are also known to affect

magainin-induced conductance [35], possibly by interacting with the helix dipole to force

the peptide into a transmembrane alignment [l 13,152].
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Cholesterol is found in high proportions in mammalian cell membranes but is absent in

those of bacteria [63] and therefore, it could also be responsible for the cell specificity of

antibacterial peptides. The presence of cholesterol decreases the ability of the magainins

and cecropins to permeabilise lipid vesicles [10], 165, 177]. The ability of cecropin to

induce conductance events was also decreased when cholesterol was incorporated into the

bilayer tlTS]. Furthermore, erythrocytes depleted of cholesterol were more susceptible to

lysis by magainin ll77l. Cholesterol is known to influence membrane fluidity [179, 180]

and it has been suggested that it may interfere with peptide reorientation that may be

necessary for antibacterial action [106].

Some antibacterial peptides also show activity against cancer cells [13, 14, l8l]. The

magainins, for example, are able to kill tumorigenic cells at concentrations that a¡e

harmless to normal cells [82]. This ability to differentiate between cancer and normal

cells may be due to the significantly higher levels of PS present in the outer leaflet of

cancer cells [183]. Possible differences in the membrane potentials of these cells have also

been postulated to account for cancer cell specificity [182].

V/hile many peptides are active against both G+ and G- bacterial species, some are

selectively active against one or the other. Alamethicin, for instance, is active against G+

bacteria, while polymy<in B is harmful only to G- organisms [95]. To kill G- cells,

peptides must overcome the LPS and the outer membrane, as well as a thin peptidoglycan

layer, to get to the cytoplasmic membrane |62l.It has been suggested that peptides that

self-aggregate on the cell surface are prevented from crossing the outer membrane U5l].

A qualitative examination of GJG+ specificity versus aggregation tendency, supports this

proposal [95].

G+ bacteria, on the other hand, are protected by a thick multilayer of peptidoglycan U69].

Some antibacterial peptides are unable to overcome this barier but it is not known why.

However, there is evidence that the rate of permeabilisation of G+ bacteria is slower than

that of G- bacteria, indicating the peptidoglycan layer is a significant obstacle Í1761.
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3.4 Structural Features of a-Helical Antibacterial Peptides

The membrane specificity and effectiveness of c¿-helical antibacterial peptidesl'd.o

modulated by their primary and secondary structures. Some general structural properties

of these peptides have been identified, including helicþ, hydrophobicity, amphipathicity,

hydrophilic angle and charge state. The nature of the C-terminal group has also been

shown to affect activity. These characteristics and their relevance to antibacterial activity

and selectivity, will be discussed below. It should be noted that no one feature is entirely

responsible for antibacterial activity. Rather, it is the combination of properties that is

important.

3.4a G-Terminal Amide GrouP

Many peptide antibiotics, including nearly all of the amphibian antimicrobials, have an

amide group at the C-terminal. This is a post-translational modification that occurs by a

complex enzymic route involving the donation of the amino group from a C-terminal

glycine to the penultimate residue [39].

It has been noted, anecdotally, that the presence of a C-terminal amide group is a good

indicator of possible bioactivity [12]. When the amide and acid forms of the same peptide

are compared, the amides show consistently higher activity [65, 184]. In addition, the

magainins and dermaseptins, which are not amidated naturally, show increased activity

when converted to C-terminal amides [86, 185] while maculatin l.l, which naturally

occurs as an amide, loses activity when converted to the acid [99].

The naturally amidated peptide sarcotoxin has been shown to cause greater release of

glucose from artificial liposomes than the carboxylic acid analogue, indicating an

increased ability to permeabilise a membrane U65]. This effect also correlates with

increased microbicidal activity.

One possible reason for the greater activity of the amide is the loss of a negative charge,

which may improve binding to the acidic bacterial membrane U651. A second explanation
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has been proposed, which suggests that the overall dipole of the peptide helix is stabilised

by removal of the negative charge at the C-terminal [186].

The helix dipole arises because of alignment of the individual peptide dipoles parallel to

the helix axis. The four N-terminal amide groups and the four C-terminal carbonyl groups

are non-hydrogen bonded and therefore carry partial positive and negative charges,

respectively. This results in an extended dipole with the positive pole at the N-terminal

and the negative pole at the C-terminal [187]. Conversion of the C-terminal carboxylic

acid group to an amide reduces the negative charge at the negative pole, thus stabilizing

the helix. Acylation of the N-terminal amine has also been shown to improve helical

stability. Venkatachalapathi et al. [188] observed increased helical content in a model

peptide that had both the N-terminal acylated and the C-terminal amidated. They also

showed that the modified peptide had improved lipid affinity.

3.4b Helicity

The degree of helicity that a peptide adopts is determined by the amino acid sequence and

it is well known that certain amino acids favour helical structure while others destabilise it

tlSgl. The importance of helicity has been demonstrated through structure-activity-

relationship (SAR) studies where individual residues are changed and the antibacterial

activity tested. For example, replacing central amino-acids of cecropin with the helix-

breaker proline correlated with decreased activity [95, 190], while for magainin, replacing

the helix destabilising residue glycine with helix-promoting residues, such as alanine,

improved the peptide's activity [159]. The relationship between helicity and activity is not

clear-cut, however, as there is a whole class of a-helical peptides that require a kink, or

flexible region in the helix to have activity. Replacing the hinge-forming residues, in these

cases,leads to loss of activity (see Section 3.5).

The replacement of two successive residues in magainin analogues with their D-forms, has

been shown to result in decreased helical content [91]. In this case, the amphipathicity,

hydrophobicity and charge state of the analogues are identical to those of the original

peptide, thus providing a useful means of isolating the effect of helicity on activity.
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Wieprecht et al. U92l studied such peptides and observed a correlation between

decreasing helicity and decreased binding to membranes.

It has also been shown that the efficiency of the peptides å permeabilis$9r.eutral

membranes decreases with decreased helicity, while there was little change when

negatively charged membranes were used [193]. Thus, while the antibacterial activity

decreases somewhat when helicity decreases, haemol¡ic activity decreases by a greater

amount since erythrocytes have neutral membranes [193]. In fact, a number of non-helical

peptides retain antibacterial function but lose all haemolytic activity, provided they have a

high net positive charge [30, 194].

3.4c Charge State

Antibiotic peptides are generally cationic in nature, due to the abundance of lysine or

arginine residues in the sequence [94]. SAR studies have shown that replacing acidic

residues with basic or hydrophobic residues leads to an increase in activity, while

substituting hydrophobic or acidic residues for lysine results in a decrease or total loss of

activity U2, 16,1951. Increasing the net charge of the peptide will not improve activity,

however, if the charged residues are placed randomly in the sequence U961. Their position

must be compatible with maintaining other structural properties such as amphipathicity

and helicity U9ll.

Haemolytic activity has been found to decrease or remain unchanged when the overall

positive charge is increased [191]. Thus, specificity of these peptides for prokaryotes over

mammalian cells is improved with a greater positive charge [130]. This may be due to

improved electrostatic interactions with the anionic bacterial cell membranes [88, 96].

V/hile cationic peptides bind well to bacterial membranes, it has been found that positive

charges inhibit the efficiency of membrane permeabilisation U9U. This may be due to a

decreased abitity to traverse the lipid membrane to form channels. Indeed, the charged

nature of antibiotic peptides has been shown to influence their orientation in lipid bilayers

ll2g, 149,1501. When the peptide is highly cationic it is more likely to orient parallel to

the plane of the membrane, presumably because it is energetically unfavourable to
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accommodate the basic residues within the hydrophobic lipid environment [149]. The

resulting decrease in permeabilising efficiency is more than offset by the improved

membrane binding since antibacterial activity increases overall U9l].

3.4d Hydrophobicity

The hydrophobicity of antibacterial peptides has been shown to influence antibacterial

activity tlgll. To be able to compare the hydrophobicity of different peptides easily,

hydrophobicity scales have been developed that give hydrophobicity values for each

amino acid side-chain [67]. These values were determined by measuring the affinity of the

side-chains for hydrophobic phases ll97l. The mean hydrophobicity, where the

hydrophobicity values for the sequence are averaged over the number of residues, gives an

indication of the hydrophobicity of the peptide.

Wieprecht et al. [198] examined the effect of hydrophobicity on activity by looking at a

selection of peptides with constant helicity, amphipathicity, hydrophilic angle and charge

state but with varying degrees of hydrophobicity. They found that hydrophobicity had

little effect on the efficiency of membrane permeabilisation and no effect on peptide

binding to negatively charged membranes. However, binding to neutral or mixed

membranes increased significantly with increasing hydrophobicity. Antibiotic activity

increased with hydrophobicity, due to the increase in binding, however the peptides also

became haemolytic.

These results are thought to be due to the increasing importance of hydrophobic

interactions, as the negative charge associated with the membrane decreases. When the

membrane is comprised exclusively of acidic lipids, electrostatics determine binding and

hydrophobicity has no effect, whereas hydrophobicity is the dominating factor in binding

to neutral lipids tl98]. Therefore, as antibacterial activity increases with hydrophobicity,

so too does haemol¡ic activity. Haemolytic activity increases at a greater rate, however,

because of the neutrality of the erythrocyte membrane U99]. Thus, selectivity for

prokaryotes is reduced.
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3.4e Amphipathicity

a-Helical peptide antibiotics are generally amphipathic in nature [117, 185], which means

they have a hydrophobic and a hydrophilic face. These faces run parallel to the long axis

of the helix. The Schiffer-Edmundson wheel projection is shown below for a model

amphipathic peptide (Figure 3.5). This peptide, designed by Blondelle and Houghten

1146l, is composed only of leucine and lysine residues and has been shown to have

moderate antibacterial activity.

1

L KL
L

L

K

K

K

K

L

1SL

L

L
L

Figure 3.5 Schiffer-Edmundson wheel projection of Ac-LKLLKKLLKKLKKLLKKL-NH2
Hydrophilic residues are indicated in blue and hydrophobic residues in red [67].

A useful quantitative measure of amphipathicity is the hydrophobic moment [200]. This

quantity is the mean vector sum of the hydrophobicities of the individual residues, where

the direction of the vector is the angle at which the side-chains emerge from the axis of the

helix i.e., multiples of 100o. Large values of the hydrophobic moment indicate high

amphipathicity and vice versa.

Model peptides, such as that shown in Figure 3.5, incorporating varying degrees of

amphipathicity, have been used to demonstrate a coffelation between hydrophobic

moment and antimicrobial activity 1146,1761. Modifications to a melittin derivative that

improved the segregation of hydrophobic and hydrophilic residues and therefore the

hydrophobic moment, resulted in increased antibacterial activity [20U. However, an

increase in antibacterial activity was concomitant with an increase in haemolytic activity

Í176,20l,202l,meaning that the specificity for bacterial membranes was reduced 12031.
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pathak et al. [214]compared the effects of hydrophobicity, amphipathicþ and helicity on

antibacterial activity and found that the most important parameter was amphipathicity.

Amphipathicity enables the peptide to insert into a lipid membrane, keeping the

hydrophilic face in contact with the lipid head-groups and the water phase, while the

hydrophobic surface stays close to the lipid acyl chains. This is reflected in the finding that

membrane binding is improved by increasing peptide hydrophobic moment, while

permeabilising efficiency is unaffected [203 ].

3.4f Hydrophilic angle

When the sequence of an amphipathic peptide is plotted on a Schiffer-Edmundson wheel,

the angle subtended by the hydrophilic face can be measured. As an example, the peptide

shown in Figure 3.5 has a hydrophilic angle of 180o. This angle can be varied while

keeping the hydrophobic moment constant and is thought to influence the location of the

peptide in the membrane [191].

Segrest et at. 168l classified peptides into groups according to their hydrophilic angles.

peptides with angles < l00o fall into class L (for l¡ic), which includes the magainins and

other antibacterial peptides. Known transmembrane helices (class M) were found to have

hydrophilic angles of < 60". Apolipoproteins, which solubilise lipids by stabilising small

discs of bilayer structure, have hydrophilic angles of > 180" and are termed class A

helices.

Wieprecht et al.12051designed a series of peptides with different hydrophilic angles but

constant hydrophobic moment and overall charge. They found that increasing the

hydrophilic angle decreases the ability of the peptides to permeabilise membranes but also

increases the binding of the peptide to the lipids. When combined, these factors resulted in

increased antibacterial activity for peptides with a hydrophilic angle of around 140-180".

Once again, the haemolytic activity increased at the same time resulting in decreased

specificity.

It is believed that when the hydrophilic angle is around 180o, the peptides are energetically

better able to bind to the membrane surface but that this increased angle also disfavours
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the formation of transmembrane pores (and therefore permeabilisation) because of

unfavourable electrostatic interactions [191]. Transmembrane pores are favoured instead

by smaller hydrophilic angles.

3.4g Summary

Table 3-l shows a summary of the qualitative effects that helicity, hydrophobicity,

amphipathicity, hydrophilic angle and charge state have on the activity of antibacterial

peptides.

Table 3-1 Effect of the modification of various structural features on binding, permeabilising

efficiency, antibacterial activi$, haemolytic activity and specificity.

lncreasing:

Helicity H"
b (o)"d Charge (+)

Binding

Permeabilising efficiencY"
Antibacterial ActivitY

Hemolytic activitY

Specificityr

" Mean residue hydrophobicity (H) as calculated from the consensus sequence of Eisenberg [197].
b Hydrophobic moment (p) per residue [67].

d to 180".e to the abilig of already bound peptide to then permeabilise the membrane.
t ¡o haemolYtic activi$.
s More significant for neutral lipids.
h For neutral lipids.
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3.5 Hinged cr-Helices

a-Helical peptide antibiotics can be classified into two groups. The first of these

comprises the linear a-helices such as cecropin Pl from pig intestines [155] and the

amphibian peptides magainin 2 12061and PGLa 12071. The second group is made up of

peptides that form helix-bend-helix structures. The bend, or hinge, is flexible and allows

the two helices to move independently. Typically, the N-terminal helix of these hinged

peptides is amphipathic, while the C-terminal helix is hydrophobic [87, 116, 208],

although this is not always the case. Examples of hinged peptides include the amphibian

peptide caerin 1.1 [97], cecropin A from insect haemolymph Ul6l and melittin from bee

venom [209].

The hinge itself is usually a result of a proline, or one or more glycine residues, being

present in this region of the sequence. Proline is an imino acid, and as such it has no amide

proton unless it occurs at the N-terminal. As a result, proline residues (residue i) cannot

form hydrogen bonds to the carbonyl oxygen atom of the i-4th residue. Thus, when proline

residues occur within an cr.-helical segment, a hinge results. In the majority of peptides and

proteins, the proline residue occurs on the solvent-exposed face of the helix as in this way,

the unpartnered carbonyl atom can form hydrogen bonds with the solvent [210].

The bends in melittin, cecropin A, alamethicin and caerin l.l are all due to proline

residues in the central region of their respective sequences 197, 116,2ll, 212]. Less

common are hinges due to glycine. As glycine has only a proton for its side-chain, it is

less conformationally restricted than other residues. Thus, kinks can occur where glycines

are present in the sequence and this is particularly true when multiple glycine residues are

close together. For example, hybrid cecropin-melittin and cecropin-magainin peptides

have flexible hinged structures due to the Gly-Ile-Gly sequence in the central portion of

the peptide 1132, 2131. For the cecropin-magainin peptide, replacement of this sequence

with proline resulted in almost identical antibacterial activity [2t3]. Melittin and cecropin

A also have glycine residues in close proximity to proline Í214, 2151, which possibly

confer additional flexibility to their hinge regions.
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The importance of the hinge region for function has been demonstrated repeatedly [208,

213,2161. For instance, replacing the proline residue in maculatin 1.1 with alanine results

in markedly decreased activity and it was shown that the alanine analogue forms a linear

a-helical structure t991. Oh et al. [213] showed that the pore-forming ability of the

cecropin-magainin hybrid peptides was considerably reduced when the hinge was deleted,

concomitant with decreased antibacterial activity.

Despite the acknowledged importance of the hinge in these peptides, the reason for its

importance is not known. It has been suggested, though, that the additional flexibility

allows insertion of the hydrophobic C-terminal helix into the bilayer, while the more

amphipathic N-terminus remains parallel to the surface of the membrane [132, 217]. Thus

the transition to transmembrane helix bundles is facilitated.
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Ghapter 4 Protein Structure Determination

4.1 General

To gain further insight into the mechanism of action of antimicrobial peptides, it would be

desirable to have knowledge of their tertiary structure. The primary techniques used for

determining peptide and protein structures are X-ray crystallography and nuclear magnetic

resonance (NMR) spectroscopy. X-ray crystallography can be applied to any protein for

which suitable crystals are available and the phase problem can be solved [218]. NMR

spectroscopy, on the other hand, is limited by the size of the protein. However, advances

in spectrometer technology and the development of multi-dimensional experiments, has

meant that structures of proteins as large as 30 kDa are now routinely determined [219,

2201.

NMR spectroscopy has a number of advantages over X-ray crystallography. For instance'

X-ray structures must be determined from crystals that may be difficult to obtain,

particularly for membrane proteins. Even if suitable crystals are obtained, the structure

found may be different to the native structure acquired in solution because of the

additional crystal-packing forces found in the solid-state. In contrast, NMR structures can

be obtained in solution under near physiological conditions.

Protein structure can also be investigated using circular dichroisn¡. This gives

information about overall secondary structure but cannot determine which regions of the

protein are structured. Nevertheless, it can provide useful complementu.y ;lgBg$.
The following sections will describe the techniques of circular dichroism, NMR

spectroscopy and structure calculations, as well as different types of membrane-mimicking

media.
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4.2 Gircular Dichroism

Circular dichroism (CD) spectroscopy is a useful technique for investigating the overall

secondary structure of a peptide or protein Í2211. Here, the difference in absorption of left

and right circularly polarised light is measured as a function of wavelength [222].

polarised light can be described in terms of the electric field vector (E), which is

perpendicular to the direction of propagation. For linearly polarised light, the magnitude of

E oscillates in a plane, while for circularly polarised light, the magnitude of E is constant,

while its direction rotates in a circle. Linearly polarised light can be viewed as a

superposition of left (Er) and right (Ep) circularly polarised light of equal phase and

amplitude [223] (Figure 4.1).

ER

xXX

E

Figure 4.1 Electric field vector (E) (linearly polarised light) as the resultant of two rotating vectors

Er- and En (circularly polarised light).

If linearly polarised light is passed through an optically active substance, one of the

circularly polarised components will be absorbed to a greater extent Í2221. The

components of the transmitted light will therefore have unequal amplitudes that recombine

as elliptically polarised light (Figure 4.2).The left and right components also pass through

the optically active medium at different velocities, due to their different refractive indices

l¿23l. This causes the axes of the ellipse to rotate through some angle, o, known as the

optical rotation.
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Figure 4.2 (i) E¡ and En after passing through an optically active medium. The resultant electric

fiejd vector, E, traces out an ellipse. (ii) The ellipse is rotated through an angle (a) and the

eltipticity (0) is equivalent to the arctangent of the ratio of the minor (a) to major axes (b) of the

ellipse.

The ellipticity (0) can either be measured directly, as the arctangent of the ratio of minor

to major axes of the ellipse 12231, or it can be measured as the difference in absorbance of

left and right circularly polarised light (Ar-AÐ 12241' where

o =2'303 (AL-AR)x 180

4 'tE

The units of 0 are degrees. Ellipticity is usually normalised to a molar value, where the

measured ellipticity is corrected for concentration and path length. For proteins and

peptides, the ellipticity is also averaged over the number of residues giving the mean

residue ellipticity, Ounw, in units of deg'cm2'dmol-r:

where Mis the molecular weight (g.mol-r), / is the path length (cm), c is the concentration

(mg.ml-r), N" is the number of residues and 0 is the measured ellipticity (deg) 12241.

For circular dichroism to occur, an asymmetric chromophore or, more commonly, a

symmetric chromophore in an asymmetric environment, must be present in the molecule.

In proteins, the chromophore that dominates the far-Uv CD spectrum (180-240 nm) is the
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carbonyl group of the peptide bond [225]. Other chromophores, such as aromatic side-

chains or the terminal carboxylic acid group, are also present but do not significantly

affect the CD spectrum in this region Í225,2261.

The carbonyl group is a symmetric chromophore but is optically active because of the

asymmetry of the protein molecule 12231. This asymmetry is a result of the chiral centre

present in each residue (except glycine) and the overall structure of the protein. Thus, it is

not surprising that CD spectroscopy is sensitive to protein secondary structure Í2211.

Different types of secondary structure give rise to characteristic bands in the CD spectrum.

a-Helices, for example, have a large positive band around 192 nm due to the n-æ*

transition and reasonably strong negative bands around 208 nm arrd 222 nm due to the

n-n* and n-n* transitions respectively Í221,226,2271. þ-Strand structures have a positive

band around 195 nm (n-n*) and anegative band around2lT nm (n-æ*) while random coil

peptides have a negative band around 197 nn (n-æ*) and a positive band around2lT nrt

(¡-n*) 12251. Typical spectra obtained for these structural types are shown in Figure 4.3.
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Fioure 4.3 Circular dichroism spectra for cr-helix, p-sheet and random-coil peptides.
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The CD spectrum of a protein is a combination of the spectra of the different secondary

structure elements within the protein l22ll¡ An estimate of the percentage of different

structural types can be obtained by fitting the reference spectra to the protein CD spectrum

12281. cr-Helices produce strong characteristic spectra so a-helical content can be

measured with reasonable reliability (within l0%) 12241. In contrast, p-strand structures

produce weak spectra that are dependent on chain-length and orientation so that

calculations of the fraction of p-strand structure are not accurate [224].

On the other hand, CD spectroscopy is very accurate for determining changes in

conformati on l225l.It is therefore a useful technique for investigating protein structure as

a function of pH, temperature, ligand concentration or solvent. Sonnichsen et ol.l229f,for

example, investigated changes in the conformation of a synthetic actin peptide with

trifluoroethanol (TFE) concentration. CD spectroscopy is also a quick and non-destructive

technique that requires only very small amounts of sample.
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4.3 Nuclear Magnetic Resonance

The basis of NMR spectroscopy is the quantum mechanical properly of nuclear spin [220].

A nucleus is only NMR-active if the nuclear spin quantum number (I) is non-zero. Thus,

some common biological nuclei such as l2C and tuo (I : 0) do not give NMR spectra. For

the nuclei most relevant to biological NMR (tH, t'C, ttN), I : -112.

In a magnetic field, a nucleus of spin I has 2I+l possible orientations, so for l: -112, two

possible spin states exist [48]. The nuclear spin is related to the magnetic moment and so

the I : -ll2 nucleus can be thought of as a magnetic dipole that will orient either parallel

or anti-parallel to an external magnetic field. These orientations have slightly different

energies and nuclei can jump from one energy state to the other by absorbing or emitting

electromagnetic radiation that corresponds to the energy difference 12201.

The difference in populations, between the low and high energy states, is responsible for

the NMR signal and because the energy difference is small, these populations are almost

identical. Even at a magnetic field strength of 750 MHz, for a million lH nuclei at room

temperature, only around 60 additional nuclei are in the low energy state [220]. Thus

NMR spectroscopy is an inherently insensitive technique.

Nevertheless, net magnetisation results from the flifference in populations of the two

energy states. By inadiating the sample with suitable electromagnetic radiation, the net

magnetisation can be manipulated in a multitude of useful ways, depending on the

information that is required. The frequency of the applied radiation must match the energy

difference between the two states and is in the radiofrequency (rÐ range [48]. Typically

the rf radiation is applied in pulses over a duration of the order of microseconds.

The effect of the rf pulses can be described using vector representations [230]. As Figure

4.4 shows, the rf pulses have the effect of rotating the net magnetisation through some

angle, most commonly 90o or 180o. When applied to the equilibrium state, the 90o pulse

equalises the populations of the two energy states, while the l80o pulse inverts the

populations 12201.
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Figure 4.4 Vector diagram of the effect of applying a 90" or 180' pulse on the net magnetisation

(fUo). fne effect on thê populations of the two energy states, No and Np, is illustrated in the inset

diagrams (exaggerated for clarity).

When the rf pulse ceases, the disturbed populations relax back to equilibrium, emitting rf

radiation with frequency matching the energy difference between the two states. In a

vector representation, this corresponds to the magnetisation precessing around Bo (Z-axis)

in the XY plane, as the net magnetisation returns to the Z-axis (Figure 4.5). Magnetisation

vector diagrams are often drawn in the rotating frame, where new X- and Y-æres are

defined, that rotate at the nuclear precession frequency. Thus the net magnetisation along

the Y-axis is now static [230] (Figure 4.5).

Bo z

1 Mo

909------> + ,F5
x t

Figure 4.S Vector diagram showing the precession of magnetisation following a 90o pulse, in both

thé laboratory and roiating frames. ns ine magnetisation retujns to the Z-axis, radiofrequency is

emitted as a free inductiõn decay. Fourier trañsformation (FT) converts the FID from a time (t)

domain function to a function in the frequency (f) domain.
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The emitted rf radiation constitutes the signal, or free induction decay (FID), which decays

to zero as the system returns to equilibrium [230]. The FID is the sum of the resonance

frequencies for each inadiated nucleus (".g. tH) in the sample [48]. Fourier transformation

of the FID converts it from a function in the time domain to a function in the frequency

domain - the NMR spectrum l23ll,.

4.3a One-dimens¡ona¡ Spectroscopy

The simplest of NMR experiments is produced by applying a 90o pulse and recording the

FID, which is Fourier transformed to produce the basic one-dimensional (lD) spectrum

[48]. Chemically distinct nuclei can be distinguished because they resonate at different

frequencies, or chemical shift values, depending on their magnetic environmentl220l.

Using a vector description in the rotating frame, a 90o pulse applied along the X-axis

causes the net magnetisation to rotate through 90o onto the Y-axis. Magnetisation

precessing at the same frequency as the rotating frame will appear static. However, the

magnetisation precessing from nuclei in slightly different environments is not completely

cancelled out by the rotating frame. These components precess around the Z'axis at a

frequency relating to their chemical shift [231] (Figure 4.6).

B0
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Figure 4.6 Vector diagram of a 1D NMR experiment, in the rotating frame (rotating at a frequency

of roo), showing vectors for two resonances - one that precesses at r¡o (red) and one that

pr""èã."r at or = 2ævt (blue). The resulting Fourier transformed (FT) spectrum is also shown.
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Chemical shifts, coupling constants, signal multiplicity and integration can be obøined

from lD NMR spectra and can give information about molecular structure. However, for

large molecules such as peptides and proteins, lD lH spectra are of limited use, due to the

large number of overlapped resonances.

4.3b Two-dimens¡onal Spectroscopy

The development of two-dimensional (2D) NMR experiments meant that the resonances

of small proteins (< 75 residues) could be assigned 12321.2D experiments involve the

modulation of a normal lD spectrum as a function of some variable time interval, t1 [230].

They utilise sequences of radiofrequency pulses, specific to each type of experiment, in

order to extract different kinds of information from the sample. Some of the most useful

2D experiments in protein structure determination are discussed below.

4.3c Gorrelated Spectroscopy (COSY)

The pulse sequence of the simplest COSY experiment is as follows:

90o- tr - 90" - tz

where tr is a variable time interval and tz is the acquisition time, during which the signal is

recorded [230].

The first 90o pulse creates transverse magnetisation that is allowed to evolve during the

time interval, t1 (Figure 4.7). The Y-axis component of the evolved magnetisation is

rotated through 90' by the second rf pulse. Following this pulse, magnetisation arising

during tr is redistributed among coupled nuclei by coherence transfer [230]. The pulse

sequence is repeated with incrementing values of tt.
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Figure 4.7 Vector diagram of the COSY experiment. Red arrows indicate X, Y and Z vector

components.

After Fourier transformation of the tr and t2 dimensions, a spectrum is produced that

shows cross-peaks for each pair of nuclei that are coupled to each other through two or

three bonds. Thus, the COSY experiment is useful for identiffing spin-systems of amino-

acid residues and is used in combination with the TOCSY experiment (Section 4.4a).

COSy spectra also provide a means for determining vicinal coupling constants (3¡) tZ¡¡1.

COSY cross-peaks occur as multiplets because of spin-spin coupling. The active coupling,

between the two protons causing the peak, results in anti-phase multiplets [230] and the

coupling constant, 
3J, can be measured as the separation between the peak and trough (see

Section 4.5c).

There are several limitations to the use of COSY spectra, resulting from the presence of

diagonal peaks 12341. These peaks, which have the same frequency in each dimension,

result from magnetisation that is unaffected by the second 90o pulse [230]. The diagonal

peak multiplets are in-phase and their intensity therefore increases binomially, and at a

greater rate than the anti-phase cross-peak multiplets. This effect, as well as the tendency

for the anti-phase components of the cross-peaks to cancel each other out, means that the

diagonal peaks are enhanced relative to the information-rich cross-peaks 12341- The

diagonal peaks also have dispersive line-shapes, in contrast to the absorptive line-shapes

of the cross-peaks [233]. The long dispersion tails of the diagonal peaks obscure any

cross-peaks in their vicinitY.

A double quantum filtered COSY (DQF-COSY) experiment is often used in protein and

peptide studies t2301. This version of the COSY experiment uses a double quantum filter

to produce spectra with absorptive diagonal peaks and anti-phase multiplets [234]. The

sensitivity (i.e., signal-to-noise ratio) of this experiment is actually reduced by a factor of

86



-lntroduction- Chapter 4

two from that of a conventional COSY. However, the effective sensitivity is greater

because the cross-peak intensity is increased relative to that of the diagonal peaks 12341.

4.3d Total Gorrelation Spectroscopy (TOCSY)

While the COSY experiment produces cross-peaks between pairs of coupled protons, the

total correlation spectroscopy (TOCSY) experiment gives cross-peaks for all the protons

present in the same spin system. The protons of each amino acid residue constitute a

separate spin system because coupling does not occur through the peptide bond. Thus, for

a cross-section going through a particular resonance, peaks will be present for all protons

in the same spin system (residue) as that resonance.

The TOCSY experiment relies on cross-polarisation rather than the coherence transfer

utilised by the COSY t2301. The pulse sequence of the TOCSY is shown in F'igure 4.8.

This variant includes an MLEV-I7 decoupling scheme during the spin-lock period 12301.

900 SL SL

Figure 4.8 TOCSY pulse sequence, which incorporates a 90" pulse, followed by a delay (tr), spin-

nðfing (SL) fields, an MLEV-17 decoupling scheme ap_plied during the mixing time (tm) and an

acquisìtion period (t2). (Based on a figure from Evans [230]).

Cross-polarisation is obtained by applying a single coherent rf field, known as a spin-

locking (SL) freld 12351. When the effective rf field experienced by two scalar coupled

protons is identical, the two spins become temporarily equivalent and oscillatory exchange

of magnetisation occurs t230]. For a simple two-spin system, complete exchange will

occur with a spin-lock mixing time of ll2J. For larger spin systems, this time dependence

is more complicated t235]. Often a number of different spectra are obtained with different

mixing times so as to achieve complete magnetisation exchange throughout the entire spin

system [230].

t1 l21.

(MLEVrT)n
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The cross-peaks in a TOCSY have in-phase multiplet structure and are often stronger and

easier to detect than the cross-peaks in a COSY spectrum l236l.In addition, all of the

peaks in a TOCSY spectrum are absorptive in nature, including the diagonal peaks,

meaning that sensitivity is enhanced relative to the conventional COSY experiment [235].

Problems with the TOCSY experiment can occur due to nuclear Overhauser effects [230]

(Section 4.3f). This results in negative peaks occurring within the spectrum. At short

mixing times, this is not usually a problem, but if it does occur, 'Clean' TOCSY pulse

sequences are available to suppress the occurrence of the cross-relaxation peaks Í2361.

4.3e Heteronuclear Gorrelation Spectroscopy

Heteronuclear correlation spectroscopy provides information about coupling between

protons (I spin) and a heteronucleus (S spin). The pulse sequence for such an experiment

[230], in its simplest form, is:

90o-t¡- 90o

90" -tz

This experiment is analogous to the COSY but here, the coherence transfer process caused

by the second pulse is coupled to a heteronucleus by applying a simultaneous pulse at the

appropriate frequency 12301.

A two-dimensional spectrum is produced where the I spin frequencies appear in one

dimension and the S spin frequencies in the other. Diagonal peaks do not appear in the

spectrum because the 90o pulse is not applied to the S spins before tr [230].

Multiplets will appear in the spectrum, due to proton coupling, unless delays are inserted

before and after the mixing pulse [230]. This delay time is set to l/2Jrs where, for a one-

bond r3C-rH correlation, J¡s is in the vicinity of 100-200 Hz [48].

For biological NMR, the heteronuclear correlation experiments are insensitive because

rare-spin (..g. t'C) magnetisation is being detected. To achieve optimum sensitivity, it is

I:

S
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necessary to start with proton polarisation and finish with proton detection [230]. Two

experiments that do this are the heteronuclear single quantum coherence (HSQC)

experiment 12371andthe heteronuclear multiple-quantum coherence (HMQC) experiment

[230], which both look at correlations through one-bond. For protein studies, HSQC

spectra are preferred because pure absorptive line-shapes are obtained and the line-shapes

are naffower than those found in an HMQC spectrum, resulting in improved resolution

[230].

Heteronuclear multiple bond correlation (HMBC) is another variant of heteronuclear

correlation spectroscopy, based on either the HMQC or HSQC experiments [230]. This

experiment is used for looking at long-range correlations between protons and

heteroatoms, through two or more bonds. Here, time delays are again inserted into the

pulse sequence - equal to 1/2J¡s, where J is set to around 8 Hz for lH-l3C long-range

correlations [aS]. Many two-bond and three-bond r3C-lH coupling constants are in the

vicinity of 8 Hz and, as a result, these correlations can't be separated.

4.3f Nuclear Overhauser Effect Spectroscopy (NOESY)

The nuclea¡ Overhauser effect (NOE) is the change in intensity of an NMR resonance

when a nearby resonance is irradiated t2381. This is due to mutual dipolar relaxation

between nuclei and is dependent on the internuclear distance. The NOE spectroscopy

(NOESY) experiment permits the detection of all of a molecule's NOEs in a single

experiment [48]. Thus, the NOESY experiment is extremely useful in studying 3D peptide

structure as it provides information about the distance between pairs of protons in the

molecule.

The pulse sequence of aNOESY experiment is as follows:

90o - tr - 90o - r¡- 90" -tz

where t. is an interval known as the mixing time [230].
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As in the COSY experiment, the first 90o pulse creates transverse magnetisation that

evolves during tr and the second pulse rotates the Y component onto the Z-axis [230].

During the mixing period, tn', magnetisation exchange occurs between spins in close

proximity, due to intra- or intermolecular dipolar relaxation [2391. This magnetisation

transfer is due to the nuclear Overhauser effect (NOE). The third 90o pulse converts the

Z magnetisation component into observable magnetisation 12391.

The resulting 2D spectrum contains cross-peaks due to pairs of protons that are close

together in space. The intensity of the NOESY cross-peaks drops off rapidly as the inter-

proton distance increases, due to the inverse sixth-power relationship (I æ a1 t230]. Thus,

the maximum distance that can be detected is approximately 5 Ä t+g].

This intensity/distance relationship assumes that all of the protons in the molecule have

the same correlation time, T. (correlation time is a measure of the rate of molecular

tumbling). This is not the case, in practice, so distances cannot be calculated accurately. In

addition, the NOEs measured are a reflection of the average inter-proton distance [238].

Methods exist, however, for estimating the maximum upper distance and some of these

are described in Section4.6a.

In practice, NOESY spectrum cross-peaks can also arise from other mechanisms such as

chemical exchange, coherence transfer and spin diffusion. Chemical exchange peaks are

often expected because of the known molecular structure and are not usually a problem for

protein spectra. Coherence transfer gives rise to COSY type peaks but these can be

suppressed by the use of phase cycling or pulsed field gradients [240].

Spin diffusion arises from cross-relaxation propagating from one nucleus to the next and

can affect the cross-peak intensities [230] (also see Section 4.6a). This is more of a

problem for large molecules (> 10 kDa) [241] and can be reduced by careful selection of

the experimental parameters [238].
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4.4 SequentialAssignments

In order to analyse data from NMR experiments, complete assignment of the protein

proton resonances is required t220). For some analyses, assignment of the alpha (aC) and

carbonyl (C) t3C chemical shifts is also necessary.

4.4a Proton Assignments

One-dimensional proton experiments are not useful for assigning chemical shifts in

proteins because of the high degree of signal overlap. The development of two-

dimensional spectroscopy has made complete assignment of proton resonances possible

lZ4Zl. This is done in two stages. Firstly, the signals for individual spin-spin coupled

systems are identified. Each spin system gives the resonances for a single amino-acid

residue because coupling does not occur through peptide bonds. The second stage of

assignment involves allocating each spin-system to a particular position in the protein

sequence.

Assignment of spin systems is achieved using COSY and TOCSY spectra. The COSY

experiment shows cross-peaks for protons coupled through three bonds. Thus, amide

protons (NH) can be correlated to alpha protons (aH), øH to beta protons (BH) and so on,

until the entire spin system has been identified. Unfortunately, overlap frequently occurs

in COSY spectra and assignment can be hindered.

TOCSY experiments conelate all of the resonances from the same spin-system, provided

the appropriate mixing time is used t2301. Cross-sections of these spectra show cross-

peaks from the NH to the o, Ê, y, ô and e protons (if present). TOCSY spectra have the

advantage that the signal-to-noise ratio is greater than that for COSY spectra [232]

(Section 4.3d) but because overlap occurs in the TOCSY spectrum as well, COSY

experiments are often used to provide complementary information.

Each spin-system can be identihed as a particular type of amino acid based on the number

and chemical shift pattem of the correlated cross-peaks. Comparison of the cross-peak

patterns with those observed for random coil residues, can aid this assignment 12431.
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Unless there is only one instance of a particular residue type, the position of the assigned

spin-systems within the protein sequence cannot yet be identified. A method is needed for

putting the spin-systems in sequential order. Wüthrich 12421 analysed different types of

secondary structure and found that, in all cases, short inter-proton distances are present

between adjacent residues, particularly between the NH, crH and pH protons. Thus

NOESY experiments, which show cross-peaks for inter-proton distances of less than 5Å,

can be used to correlate the sequential spin-systems. Particularly useful signals are the NH¡

to NHi+r and aH¡to NHi+l cross-peaksl232l.

problems with the sequential assignment can occur because of breaks in the sequential

cross-peaks. This can be due to protons having almost coincident chemical shifts or aH

signals being saturated by the water resonance. Using both the NHi to NHi*r and the aHi

to NHi+l cross-peaks, or even the pH¡ to NHi+l signals, can generally overcome these

hurdles. In addition, breaks in the sequential NH¡ to NHi*r cross-peaks occur whenever

proline residues are present in the sequence since these residues do not have an amide

proton. In these cases, NH¡ to ôHi+r and õHito NHi*r cross-peaks can be observed'

For very large proteins, problems also occur because of substantial overlap in the two-

dimensional spectra. Here, three-dimensional spectra are used to increase the resolution.

However, isotopic labelling of the protein with lsN and l3C is required in these cases'

which is achieved via preparation of the recombinant protein in isotopically enriched

media.

4.4b Carbon Assignments

Assignment of the aC l3C resonances is made using an HSQC spectrum. In the HSQC

experiment, protons are correlated to the carbon atoms via the cr,lH assignments. Cross-

peaks corresponding to the aHs in one dimension give the oC r3C chemical shifts in the

second dimension.
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Carbonyl carbons are assigned from HMBC spectra. In this experiment, protons are

correlated to ca¡bons that are coupled via two or three bonds. Thus cross-peaks can be

found that correlate NH¡, oHi, FHi, NHi+l and oHi+t with C'i, as shown in Figure 4'9'

(b)

I
N

(a)
H

I
N

H
HH

o

N

I
H o

Figure 4.9 Correlations of protons to carbonyl 
ttO atoms via (a) two bonds and (b) three bonds.

It is not possible to tell whether a cross-peak is due to coupling through two or three bonds

by simple inspection. Therefore C' r3C assignments must be confirmed by multiple

correlations.
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4.5 Secondary Structure ldentification Using NMR
Spectroscopy

4.5a Secondary Shifts

Chemical shift is dependent on the electronic environment of the nucleus concerned.

Factors that influence the chemical shift include local fields around aromatic rings, polar

and charged neighbouring groups, bond hybridisation states and local magnetic

anisotropie s p4a]. These factors are in turn affected by conformation and molecular

geometry. Thus, it is not surprising that regions of regular secondary structure have been

shown to have predictable effects on chemical shift [245].

Statistical analysis of a large number of protein structures has shown that aH resonances

shift upfield from random coil values by an average of 0.39 ppm, when in an a-helical

structure 12441. Conversely, oH chemical shifts are moved downfield (-0.37 ppm) when

the aHs are part of B-strand structure. Similar studies on aC and C' showed that these l3C

resonances are shifted downfield in a-helices and upfield in B-strands 12441. Exactly why

these resonances shift in the directions they do has not been satisfactorily explained as yet.

Amide proton resonances are more sensitive to temperature and pH than resonances of

other backbone atoms 12461. Nevertheless, some correlation has been observed between

NH shifts and secondary structure. In general, NH resonances shift upfield in helical

structures and downfield in p-strands [244].In addition, the NH protons at the N-terminal

of an g-helix are generally shifted downfield relative to those at the C-terminal. This may

be due to the overall helix-dipote deshielding the positive N-terminal and shielding the

negative C-terminal 12441.

The difference between a protein resonance and the conesponding random coil resonance

is termed the secondary shift 12061. A positive Aô means the protein resonance is

downfield from the random coil chemical shift, while a negative Aõ denotes an upfield

shift. plotting Aõ values against amino acid sequence can reveal regions of the protein

sequence with consistent upfield or downfield shifts, which in turn indicates that certain

secondary structures are Present.
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Local chemical shift influences, such as nearby aromatic rings, polar or charged groups'

can obscure the deviations caused by secondary structure. Pastore and Saudek Í2461

showed that smoothing Åôs of aH resonances over * n residues (where n is usually set to

2 or 3) had the effect of averaging out the local effects. By plotting the smoothed Aõ

values against amino-acid sequence, regions of regular secondary structure are more

clearly identified. However, defining the ends of the secondary structural features is

imprecise because of this averaging.

As well as c¿-helix and p-strand structure, chemical shifts can indicate regions of high

flexibility Í2461. Here, the peptide has access to a greater range of sterically allowed

conformations. That is, the peptide is more random coil-like and chemical shifts will be

closer to random coil values (i.e., Aõ approximately zero) 12441'

The random coil values referred to above are determined empirically from many short,

unstructured peptides, each containing one of the 20 common amino acids in the centre of

the sequence. The other residues in the peptides are glycine or alanine, which have great

conformational freedom and are therefore unlikely to adopt a fixed structure'

Measurements are also taken in the presence of urea, thus denaturing any structure that

may be favoured [2431.

As solvent is known to have an effect on chemical shift, random coil values have also

been determined in TFE, a solvent commonly used in NMR structure studies 12471.

Although values have not been reported for all backbone atoms, the proton values

available indicate there is little difference between shifts obtained in TFE and water [97].

Another interesting effect on NH resonances occurs for amphipathic a-helices. The NH

Aôs in these structures vary with a periodicity of 3-4 residues 1245,2481. That is, the NH

resonances from the hydrophobic face are generally downfield from the random coil

shifts, while the NH shifts from the hydrophilic face move upfield [2451. This

phenomenon is thought to be due to differences in hydrogen bond lengths along the

molecule Í2481.
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Specifically, intramolecular hydrogen bonds on the hydrophobic face are strengthened

because of the hydrophobic environment provided by the side-chains. This reduces solvent

access and decreases the likelihood of intermolecular hydrogen bonds forming. Hydrogen

bonds on the hydrophilic face, however, are longer and less linear as the carbonyl groups

from the hydrophilic residues tilt away from the helix to form additional hydrogen bonds

with solvent 12491.

This explanation agrees with the fact that hydrogen bonds cause deshielding of the proton

involved t4Sl. Thus shorter hydrogen bonds would cause greater deshielding and

downfield shifts and vice versa. It is also consistent with surveys of hydrogen bond

lengths and angles in crystal structures of amphipathic helices Í249, 2501.

Macroscopically, these hydrogen bond lengths result in curvature of the helix axis, where

the hydrophobic face is concave and the hydrophilic face is convex 1245,2491.

4.5b NOE Gonnectivities

Different types of secondary structure have characteristic short inter-proton distances that

are observable in NOESY spectra 12421. The standard notation for describing these

distances, as developed by Wüthrich 12421, is ds1¡¡¡, which is the distance between two

protons A and B on residues i and j. The residue indices, i and j, are omitted for sequential

distances (i.e., d¡s = dns(¡,i*t)).

For methylene or metþl pHs and the crHs in glycine residues, the notation refers to the

shortest distance. For proline residues, which do not have amide protons, the

corresponding distances are observed with the õ protons instead and, again, the notation

refers to the shorter distance.

Regions of regular secondary structure can be identified from the pattern of observed NOE

connectivities. g-Helices, for example, have strong sequential dtrN, medium dcr¡¡ and

do¡(i,i+3) and weak do¡(i,i+4) NOEs t25ll. B-Sheet structures, on the other hand, have

very strong sequential d6¿¡ cross-peaks and weak drvN NOEs. They also have short inter-

strand d"N(ij), dNN(ij) and d.,'(ii) distances, which are highly diagnostic [230]' A
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summary of the characteristic NOE connectivities for a-helices and p-strands, is given in

Figure 4.10

Residue

tJ"**

dr*

dr*¡,,,*r¡

4"

4*(','*rl

4*¡,,,*o¡

dcp(l,rel

o-helix P-strand

12945671234567
44444449999999

IIIIII

IIIIII IIIIII

Figure 4.10 Summary of the characteristic short-range NOEs and spin-spin coupling constants'
à¡i""", observed for iáeal cr-helices and p-strands. The thickness of the bars indicates the intensi$

of tfre nOgs and the tJ""o" values are given in Hz.

NoE connectivities can also be used to detect cis-trans isomerisation of the imide bond

between proline and its preceding residue (Figure 4.11). In the cis form, the doo and dNo

distances are closer than in the trans form. The more common trans form, however,

favours short do¡ and d¡6 distances.

<rH
aH crHi*t

crHr*r

Trans Cis

Figure 4.11 Cis-trans isomerisation of the X-Pro bond

A full set of NOE connectivities is not always observed. Reasons for this include

resonances that are too close in chemical shift to be distinguishable from the diagonal (e.g.

d¡nr) and saturation of resonances with chemical shifts close to that of water, when water

ôH *t

R1
R1

-À
.--

ôH *r

97



-lntroduction- Chapter 4

presaturation is used t232]. The latter case usually involves cr protons, as these resonances

often occur in this region. Thus cross-peaks such as dcrN Cân be lost.

4.5c GouplingConstants

Additional structural information can be obtained from vicinal spin-spin coupling

constants 13J¡, which are related to the dihedral angle by the Karplus equation [230]' This

equation has the form:

'J = A+ Bcos0 + Ccos2 o

where A, B and C are constants that depend upon substituent electronegativity 12521.

Values for these coefficients have been empirically determined from known protein

structures for different classes of protein dihedral angles [230].

The phi angle ($), which is the dihedral angle defined by C'i, Ni*l, aCi+t and C'i+|, ftS

shown in Figure 4.l2,isrelated to the NH-aH coupling constant (3J"Hou) by the following

specific form of the Karplus equation [253]:

' J*o" = 6.4cos2 (0 - 60) - 1.4cos(Q -60') + 1.9

Figure 4.12The phi(O) dihedralangle. ln this representation þ is equalto 180"

The relationship between'J^¡"o" and O is shown graphically in Figure 4.13' Here it can be

seen that as many as four different values of $ can be attributed to a particular coupling

constant. In known protein structures, however, the $ angles for all residues, aside from

glycine, are found in the region of -30 to -180" 1254]. Further, for 3JNsoHvalues of less

than 6 lHz,the $ values are clustered in the range of -50 to -90o [253].
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Figure 4.13 Karplus curve showing the relationship between the 3J¡¡o¡ coupling constant (Hz) and

tnã 4 OineOralangle. The g values for idealized a-helices (a) and p-strands (p) are also shown.

Phi is equal to -57o ('J^ro" :3.9 Hz) for an ideal cr,-helix, -139o ('J*"o" : 8.9 Hz) for an

antiparallel B-sheet and -ll9o (3JN¡roH :9.7 Hz) for a parallel p-sheet. However, as the

secondary structural features of real proteins are frequently distorted, 0 values vary

somewhat from the ideal1254). Consequently 3Jr.¡Hos values vary as well.

Local motion also causes variation in dihedral angles, such that the observed vicinal

coupling constant is in fact the time-average for all conformations [255]. There is minimal

local motion for $ angles, however, which are relatively stable in highly structured regions

Í2561.In general, 'J*n.," values of less than 6Hz indicate helical structure, while values

greater than 8 Hz indicate B-sheet 12561.

For very small peptides, 'J*"o" values can be obtained from the amide proton region of a

high resolution lH spectrum t1001. However, this region of the spectrum becomes highly

overlapped for larger proteins, so in these cases DQF-COSY spectra are commonly used.

Here the'J""o" values are determined from the separation between the peak and trough of

the antiphase multiplets [233].

Problems occur, however, when the value of 3J¡¡-¡o¡1 is less than the linewidth. In these

instances, the coupling constant is seriously overestimated [230]. Though increasing the
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digital resolution can overcome this problem to some extent, it is limited by the large

natural linewidths of proteins Í2511. Methods have been developed for calculating the

actual 'J."o" values from DQF-COSY spectra, though these too have limited reliability

l2s7l.

Despite the inaccuracies, the observation of a series of three to five small (<6 Hz) or large

(>8 Hz) sequential 'J*"o" values is a reliable indicator of the secondary structure present

lz42l,although it is not possible to differentiate between particular helix types or between

parallel and anti-parallel B-sheets.

4.5d Amide Exchange Measurements

Amide protons exchange with protons from water at varying rates, depending on a number

of factors such as pH, temperature, hydrogen bonding and access to water. The mechanism

by which this occurs can be either acid- or base-catalysed and the overall rate of exchange

is at a minimum when the rates for each mechanism are equal [258]. This generally occurs

around pH 3, although it varies according to the specific environment a proton is in [259].

The NHs in an unstructured peptide normally exchange within seconds to minutes. Even at

pH 3 and at low temperatur", ilå protons will be gz-exchanged after 100 minutes [230].

When the NHs are involved in hydrogen bonding, as is the case for all types of regular

secondary structure, then they can take from hours to days to even weeks to exchange

[230]. Thus NH exchange rates can indicate NHs that are involved in hydrogen bonding

and are therefore part of structured regions. However, the data do not reveal the acceptor

atom ofthe hydrogen bond(s).

In p-sheets, NHs involved in inter-strand hydrogen bonds will be slow exchanging [258].

In an g-helix, hydrogen bonds are present between the carbonyl oxygen of residue i and

the NH of residue i+4. The N- and C-termini are somewhat 'frayed', or less stable,

because the first four NHs and the last four carbonyl oxygens cannot form hydrogen bonds

within the peptide t2601. Thus the helix termini can be determined from the comparatively

fast exchange rates of their NHs [242, 258]. The N-terminal NHs will exchange faster than

those at the C-terminal since they are not involved in intramolecular hydrogen bonds at
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all. Fast exchange will also occur around bends and regions where structural fluctuations

occnr Í2611.

NH exchange rates can also be slow in regions of the protein that are shielded from water

Í2621. This may be due to the'burying' of protons in the core of a globular protein [258]'

because of aggregation of a number of peptide monomers 1263) or because of insertion of

the peptide into the hydrophobic region of a micelle [215]. For example, NH exchange

rates have been used as evidence of the aggregation of melittin in solution Í2631.

Sometimes different rates of NH exchange are found for protons in the same a-helix.

Zhou et al. l145l looked at the exchange rates for a monomeric, amphipathic, a-helical

peptide in TFE/HzO. They found that the rates of exchange for the hydrophobic residues

were much slower than those for the hydrophilic residues. This indicated that the NHs

from the hydrophobic residues were in a somewhat hydrophobic environment, excluded

from water, while the NHs of the hydrophilic residues had greater access to the solvent.

NH exchange measurements are made using NMR spectroscopy, by dissolving the peptide

in deuterated water and following the loss of intensþ of the NH peaks over a period of

time 1262, 264,2651.It is important that the NMR experiment used is quick, particularly

for the initial time points, so lD proton spectra are often used. If signal overlap is a

problem, which it invariably is for larger proteins, other experiments such as TOCSY'

COSy or NOESY can be used, or tsN-HSqC experiments if the sample is isotopically

labelled l25ll.

4.5e Summary

Although the chemical shifts, NOE connectivities, coupling constants and NH exchange

rates are all qualitative (or at best semi-quantitative) indicators, when combined they can

give a fairly accurate picture of secondary structure. The termini of each secondary

structure element can be hard to define, however, and the overall tertiary structure cannot

be revealed using these techniques. For a more accurate view of protein structure, NMR

data must be used as input for structural calculations.
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4.6 Structure Galculations

NMR spectroscopy can be used to obtain structural restraints - primarily inter-proton

distance restraints from NOESY spectra - from which a protein structure can be

determined with the aid of computer calculations. First, however, the NMR spectra must

be assigned. This is done using a variety of experiments including COSY, TOCSY and

NOESY, as outlined in Section 4.4.

NOESy cross-peaks can then be assigned and quantified to give distance restraints.

Dihedral restraints can be obtained from three-bond coupling constants measured in

COSy spectra. These restraints are combined with restrained molecular dynamics and

simulated annealing protocols to determine the three-dimensional protein structure.

The quality of the calculated structures must then be assessed to give an indication of how

well they reflect the actual protein structure. Each stage of the structure calculation

process will be discussed more fully in the following sections.

4.6a DistanceRestraints

NOESy cross-peak intensity initially increases with mixing time, before gradually

decaying [230] (Figur e 4.14).As the initial build-up rates are proportional to r'6, the cross-

peak intensities (I¡) can be used to estimate the inter-proton distances (r¡), provided that, at

the mixing time used, the build-up rates approximate the initial rates [251]'

Cross-peak intensity is also dependent on the correlation time (t.) of the molecule 12551,

where correlation time is a measure of the rate of molecular tumblingl. As correlation time

increases, for example due to higher molecular weight, so does the initial rate of NOE

build-up (Figure 4.14). This means that longer distances (less intense peaks) will only be

observed inNOESY spectra with sufficiently long mixing times.

I Assuming molecular weight, Mr, is proportional to the molecular radius, r, then correlation time, rs, can be

uppro*irnut"A as T" oMrx C , where C is typically t'l x tO-12 ¡Z:01'
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Figure 4.14 Time dependence of the intensity of the õH-eH.cross-peak 9f. fVFe in dihydrofolate

reãuctase, calculated'for the correlation timeé (a) 2 nsec, (b) 4 nsec and (c) 8 nsec (based on a

figure from Barsukov and Lian [251]).

While the initial rate of cross-peak build-up increases with increasing correlation time, the

onset of decay occurs sooner. Thus, as correlation time increases, the initial rate

approximation only holds for shorter mixing times.

If the initial rate approximation is not met, that is, if the mixing time is too long for the

molecule under consideration, then spin diffusion becomes a problem and errors will

occur in the estimated distances t2301. Spin diffusion, or indirect magnetisation transfer

from nucleus to nucleus, decreases the intensity of strong peaks and increases the intensity

of weak peaks l2l8,2lgl. When molecular motion is fast (short t.), neighbouring protons

of a given proton pair have a negligible effect on the cross-peak intensity. However, for

slower-moving large molecules (long t.), the arrangement of neighbouring protons

becomes important and spin diffusion is observed [25U'

provided that the initial rate approximation is satisfied, inter-proton distances between

protons i and j (ru) can be estimated by comparison with a reference distance between

protons k and I (r.), for which there is a well-resolved and uniquely assigned cross-peak

(I¡¡), according to the relationship [255]:

(a)

(b)

c)(

fij : rkt (I¡¡/I¡)1/6
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This relationship assumes that the correlation time is the same for each proton in the

molecule, i.e., the molecule is a rigid body, which is clearly an oversimplification.

Calibrating the inter-proton distances, in this way, leads to systematic overestimates of

distances that are less than the reference distance, and underestimates distances that are

greater than the reference distance, because of spin diffusion [255]. These elrors increase

as correlation and mixing times increase l25ll.

The reference distance used in the above calibration procedure needs to be accurately

known for the structure under study. Thus, the distance between protons with fixed

relative positions, is often used - for example, the distance between non-degenerate

metþlene protons Í2511. Metþlene protons are fixed at 1.7 
^ 

from each other.

Unfortunately, their chemical shifts are usually very similar and therefore their cornmon

cross-peak is close to the diagonal. Overlap from the very intense diagonal peaks can also

increase the intensity of the methylene cross-peaks, resulting in errors in the calculated

distances

Other potential reference distances include those between õ and e aromatic protons 12301,

and the ô and y protons of proline residues [97]. There are problems with these choices as

well, since it is known that aromatic protons can produce highly variable NOEs, and

intemal motion within proline can lead to unreliable results Í2301.In addition, the fixed

protons are usually close together in space and spin diffusion can therefore influence

intensity.

Alternatively, reference distances identified from initial secondary strucfure

determinations (section 4.5) can be used. For example, d¿¡ cross-peaks, from protons in

regions identified as a-helical, can be ascribed distances of 3.5 A' ¡z+27. This method has

certain disadvantages in that it may bias the results toward a particular secondary structure

type and it also assumes the secondary structure conforms to standard distances.
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A related method for restraint calibration, that does not require known reference distances

as such, is given by the following equations [266]:

',=[+]"'

where, A(I) = 
[,=]^G*) 

- A(I.)l+ A(I,)

A(I) is an intensity-dependent proportionality factor calculated using the average of the ten

weakest (I*) and ten strongest (Ir) NOEs, and the proportionality factors A(I*) and A(I')

that are derived from these values as follows 12661:

A(I*) = (5.0Ä)6I*

and A(I,) = (1.84.)6I,

The advantage of this technique is that it does not require accurately known reference

distances and it uses an intensity-dependent proportionality factor that should reduce the

enors due to spin diffusion. It does, however, assume that the weakest peaks correspond to

a distance of 5Ä., which may not be the case for certain mixing and correlation times.

Factors that can affect intensity, and therefore the calculated distances, include internal

motion, alternate relaxation pathways, chemical exchange and spin diffusion. Because of

these indirect effects, highly accurate distances are not obtainable in practice 12301. Thus,

restraints are expressed as conservative ranges with upper and lower bounds'

The lower bound is usually determined by the sum of the van der Waal s radii and is used

for all restraints, even those categorised as weak, because local motion can severely

attenuate peaks [230].

There are a number of different procedures that can be used for generating the upper

bound. One common method is to classiff the NOEs into three categories: strong
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(l.S-2.S Ä), medium (1.8-3.3 Å¡ ana weak (1.8-5.0 Ã) ÍZeT. However, this approach

results in a substantial loss of structural information [251]'

Another approach to calculating the upper bounds is to add an estimate of the distance

error to the calibrated distance t2l8l. The error is often calculated as a percentage of the

distance, to allow for the erïors while retaining the continuum of restraints Í251,2661.

However, as the error is expected to increase at a greater than linear rate, a better approach

may be to vary the error estimate with the square of the calibrated distance 1218,2681.

In general, varying the tightness of the distance bounds does not have a large effect on the

structures produced, as even very loose restraints drastically reduce the conformational

space available to the peptide chain [218].

4.6b Ambiguous NOEs

For small molecules, assignment of NOE cross-peaks can often be done on the basis of

chemical shifts alone, using 2D spectra (Section 4.4a). However, as molecular size

increases, the probability of more than one proton having the same chemical shift is

increased. When this occurs there will be ambiguity in assigning certain peaks. Rmbigurty

also occurs when methylene or isopropyl metþl resonances are degenerate'

The quatity of a calculated structure depends strongly on the number of uniquely assigned

peaks t25l]. Thus, methods to resolve ambiguities are sought so as to improve the

generated structures. One way to do this is to use 3D spectra. Separating peaks into a third

dimension increases the chances of overlapped peaks becoming resolved. This method,

though powerful, requires uniform labelling with l3C and l5N and is therefore expensive

and time-consuming.

An alternative way to reduce the ambiguity is to do a preliminary calculation using only

the uniquely assigned cross-peaks [255]. Distances can then be extracted for each proton

pair in an ambiguous assignment, averaged over the ensemble of structures. Pairs that are

very distant in the structures can be excluded, while those that are close together are
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retained. Thus ambiguous restraints can be refined in an iterative process and in many

cases they can become unique assignments [251].

Some assignments will remain ambiguous but this information need not be lost.

Ambiguous assignments can be used in structure calculations by employing sum-

averaging 12691. This method is based on the following equation:

r(x,i r¡-6¡-1/o

where r is the distance calculated from the total NOE intensity and r¡ is the actual distance

between pairs of protons, i and j. This equation expresses the volume of the ambiguous

peak as a sgm of the volumes of each peak that contributes to it. The computations restrain

rij values such that this equation is satisfied.

4.6c Stereo-spec¡f¡c Assignments

Individual methylene protons can often be resolved, which leads to the problem of how to

assign these resonances stereo-specifically, that is which resonance belongs to the pro-R

proton and which to the pro-S. A similar problem exists for the metþl protons of valine

and leucine residues.

Stereo-specific assignments of p-metþlene protons can sometimes be made using the

relative intensities of intra-residue NOEs from NH or aH to the pHs, as well as from

,Jo"pn coupling constants t2671. The latter method relies on the relationship between

,Jo"p" and the 1r torsion angle (where Ir is the dihedral angle defined by C', aC, pC and

yC). Similar methods exist for stereo-specifically assigning valine and leucine residues

Í251,2701. Such assignments improve the resolution of the calculated structures l27ll.

It is not always possible to assign protons stereo-specifically. Pseudo-atoms are often

introduced in these cases 12721. These imaginary atoms are positioned centrally between

the unassigned protons and the NOE restraints from the real protons are now related to the

pseudo-atom instead. Because of the displacement of the pseudo-atom, significant
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corrections to the NOE restraints must also be made, resulting in a loss of information

l27rl.

An alternative manner of dealing with these assignments is to assign them arbitrarily and

use the resulting constraints in the structure calculation procedure. The protons can be

allowed to .float' between configurations by starting with a small force constant for the

improper dihedrals (Section 4.6f) and gradually increasing this over the course of the

calculation s 1267). The final structures will have the configurations that are most

consistent with the restraints 1269l. Another option is to explicitly swap configurations at

different points along the calculations, provided the structure obtained is lower in energy'

If the structure is higher in energy, the original configuration is retainedl2Tll.

The advantage of these 'floating' chirality methods is that NOE correction factors are no

longer necessary so no information is lost l27ll. They provide a reliable and facile means

of dealing with stereo-specificity in a calculation procedure, without having to explicitly

assign these resonances l27Il.

4.6d Dihedral Angle Restraints

Dihedral angle restraints can be used in structure calculations to supplement the inter-

proton distance information provided by NOESY spectra. As outlined in Section 4.5c, $

angles are related to the 'J*".,n coupling constant by the following version of the Karplus

equation, where the coefficients were determined empirically 12531:

t J""o" = 6.4cos2(0 - 60) -l'4cos($ - 60') + l'9

Thus, theoretically, 3JnH.,H values give specific $ angles. However, because coupling

constants can only be obtained with limited accuracy and as local motion around the N-c[C

bonds results in time-averaged 'Jr"o" values, $ angles are restrained to a range of

possibilities. For calculation purposes, the $ values are restrained to -ó0 + 40" for

Sr¡z<'J*r.," < 6Hz, and -60 + 30" for 3JNHol.l < 5Hz' For 3JNsoH ) 8Hz' { values are

restrained to -120 + 400 t2651.
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4.6e Restrained Motecular Dynamics and Simulated Annealing

Many different approaches exist for calculating protein structures from NMR-derived

restraints. Each attempts to locate the global minimum of a target energy function that

incorporates the empirical restraints [273]. One approach that has been used with some

success is a combination of restrained molecular dynamics and dynamical simulated

annealing 1261, 268, 27 l, 27 3, 27 41.

Molecular dynamics aims to simulate the motion of a system of particles using classical

mechanics and a potential energy function that describes the forces acting on the particles

t175l. Restrained molecular dynamics (RMD) is a variant on the conventional molecular

dynamics used in simulations, where terms are introduced into the potential energy

function to describe the experimental restraints [219].

Starting from an initial conformation, the system is allowed to evolve with time, with the

positions and velocities of the particles determined for successive time-steps. The

molecular trajectory is determined by solving Newton's equation of motion:

F¡:lll¡â¡

where F¡ is the force on atom i, mi is the mass and ai is the acceleration (bold-type

indicates vector terms).

The force on atom i can be calculated from the derivative of the potential energy (V) with

respect to atom position, r¡, ând since the acceleration can be expressed as the second

derivative of position with respect to time, we can express the previous equation in the

following form [230]:

dV dt4
mi

dt,

Given a set of starting co-ordinates and a suitable potential energy function (or target

function), and since the masses ate known, this equation can be integrated over successive

2dt
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time-steps, Ât, to determine the velocity and displacement of the atoms 1255,276f. The

time-steps, however, must be very small to avoid large changes in the potential energy

l27sl.

Molecular dynamics calculations require some kind of initial structure. This can be a

randomised structure with physical bond lengths and angles, a completely randomised

structure, an extended structure or an unrefined structure developed by some other

calculation method 12671. Random velocities are then assigned to the atoms from a

Maxwellian distribution for the temperature used Í2751.

The temperature (T) of the system is directly proportional to the kinetic energy according

to the following equation:

åå-,,"
23

2
) NKT

where u¡ is the velocity of atom i, N is the total number of atoms in the system and k is the

Boltzmann constant. Molecular dynamics efficiently minimises the energy of the system

by converting excess potential energy to kinetic energy and removing it by coupling the

system to a constant temperature heat bath [219].

The path to the global minimum of the potential energy function is not straightforward.

There are many false minima that must be overcome. Energy minimisation procedures, for

example by the steepest descent or conjugate gradient (Powell) methods, can be used for

finding local minima but they are not able to overcome energy barriers [230]. These

procedures are therefore highly unlikely to find the global minimum but they are useful

techniques for minimising the initial and final structures calculated with RMD l2l9l.

In RMD calculations, the kinetic energy present means some energy barriers in the target

function can now be crossed 12671. However, the temperature of the system limits the

available energy. Thus, RMD calculations are frequently combined with a simulated

annealing (SA) protocol where the initially high temperature (ca.2000 K) is gradually

lowered throughout the calculations [267]. This procedure is far more successful at

locating the global minimum than RMD alone 12551.
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The forces acting on the atoms tend to zero as the calculations proceed and the constraints

become satisfied lZ7Sl. As the restraints are described as ranges, instead of discrete

values, many structures may be consistent with the experimental data. Thus the calculation

procedure must be repeated many times to obtain an ensemble of structures [220]. This is

achieved by randomly varying the initial structure or the assigned velocities for each

repetition [230].

4.6f The Potential Energy Funct¡on

The forces acting on the atoms of the system are determined by the 'force-field' or

potential energy function (V). Thus the success of the RMD/SA protocol depends on the

quality of the force-field used [219].

The potential energy function has both covalent and non-bonded terms, as indicated

below. The terms that usually make üP Vcovalent and Vnon-bonded €lfo also indicated'

Vtotul = Vcovalent * Vnon-bonded

Vcovalent: Vbond * V*gl. * Virprop.,

Vnon-bonded : VvdW * Velectrostatic

The V¡¡proper term maintains the planarþ of aromatic rings and the chirality of chiral

centres [255].

The potential energy of the bond lenglhs, angles and improper dihedrals are frequently

given by harmonic potentials, as shown for Vuon¿ below 12751:

I
Vbond = - Iro(b-bo)'2 bonds

where Ku is the bond force constant, determined empirically, b is the bond length and bo is

the ideal bond length. Deviations from the ideal values, be, âre therefore penalised by

higher energies.
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The Lennard-Jones potential and the Coulomb potential describe the van der Waal s

(V"¿w) and electrostatic interactions (V.¡"rLo.¡u¡¡.) respectively:

VvdW = t AB Lennard-Jones potential
l2 6

pairs (ij) rù rü

Verectrosraric = 5t 
9i9¡

*u<-'¡l Dt'¡
Coulomb potential

where A and B are experimentally determined parameters that depend on the particular

atoms involved 12751andr¡ refers to the distance between atoms i and j. The charges on

atoms i and j are indicated by gi an¿ qr and D is a dielectric function for the medium.

Hydrogen bonding can be accounted for in the electrostatics term with the use of partial

charges 12751.

For protein structure calculations, the NMR-derived constraints must also be included in

the energy function. The distance constraints can be described by a square-well potential

of the form:

V

K*o"(r,¡ - u)' if r,., > r,.,'

0 ifr.,r<r,,lr,.,u
K.or(r,.¡ -ru')' if r,, < r..,r

where KNor is the NOE force constant, or weighting factor, and r¡u and r¡l are the upper

and lower distance bounds respectively 12551. A similar potential can be devised for the

dihedral angle restraints.

It is important to realise that, unlike the other potential energy tetms, the NMR-restraint

potentials do not correspond to any real physical force but simply provide a way to

introduce the restraints into the calculations [230]. Thus, the force constants are set in a

somewhat arbitrary manner. However, it is important that the values chosen are

sufficiently high to ensure that the experimental restraints are the dominating factor in

determining the conformation 12671.

NOE
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4.69 Quality of Structures

Once an ensemble of structures has been generated, it is necessary to determine their

consistency, precision and accuracy. That is, how well do they satisff the restraints

imposed on them, how well are the structures defined and how closely do the calculated

structures reflect the actual structure of the protein in solution.

The extent to which the calculations satisfr the NMR-derived restraints is usually

expressed in terms of the number and magnitude of the restraint violations, while the

precision of the structures is indicated by the root-mean-square deviation (RMSD) of the

ensemble from the average structure. If the restraints are satisfied and a significant

proportion of the structures have converged (generally accepted as RMSD < 2.0.4.) then it

is likely that the ensemble of structures closely resembles the actual protein structure

Í2301.If there are large violations of the restraints and no convergence, it is likely that

there are enors in the restraints 12671. This could occur because of mistakes in the

assignments and means that the restraints should be reanalysed [230].

A third scenario, where the NMR restraints are satisfied but widely varying structures are

produced, indicates that the information content of the restraints is insufficient for

acquiring an accurate picture of the protein structure Í2671. This could be due to either a

lack of NOE cross-peaks or because of overly conservative distance bounds [230]. A lack

of NOE cross-peaks can be the result of mobility but since other explanations are possible,

such as no short inter-proton distances in the region concemed Í2671, mobility cannot be

inferred from this alone [230].
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Another method for determining the precision of the structures is to determine the angular

order parameters (AOPs). These parameters provide a measure of the distribution of the

dihedral angles for each residue across the ensemble of structures [277]. They are

calculated from the following equation:

S(cr,,) = c[

where S(a¡) is the order parameter of the dihedral angle cr¡ of residue i, and j refers to the

individual structures, from I to N [278].

The dihedral angle, cr¡, is expressed as a 2D unit vector for AOP calculations. Thus, for a

fully defined angle, with no deviation over the ensemble of structures, S is equal to one,

while for a randomly distributed dihedral angle, S is equal to zero 12771. While the cut-off

is somewhat arbitrary, dihedral angles are often judged to be well-defined for values of S

> 0.9. This corresponds to a standard deviation of + 24" [278]'

AOps can be calculated for any dihedral angle, however they are most often used to assess

the order of the backbone angles phi (O) and psi (ry), where $ is defined by C'r, Ni+t, oCi+t

and C'¡*r and V is defined by Ni, crC¡, C'¡ and Ni*l @igure 4'15)'

o

Figure 4.1S The ph¡ (O) and psi (y) dihedral angles. ln these representations $ and ry are both

equal to 180"

The calculated structures should be assessed for how well the covalent parameters, such as

bond length, angles and impropers, coffespond to ideal values. In addition, the 0 and V

angles of the well-defined residues can be evaluated to see if they are sterically allowed.

This can be done using a Ramachandran plot.
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Ramachandran et al. [229] showed that because of steric interactions, only certain

combinations of Q and V angles are allowed. When the Q and ry angles from known protein

structures are plotted against each other they tend to fall in certain regions [280]. Note that

proline and gþine residues are excluded because of their atypical Q/ry distributions' The

regions with the highest density of residues are collectively called the favourable region

and over 80% of residues fall into this region. Other areas can be defined with

progressively lower residue densities and these are known as the allowed, generous and

disallowed regions. This plot, showing the different density regions, is known as a

Ramachandran plot.

When placed on a Ramachandran plot, the well-defined residues from calculated

structures should occur in the favourable and allowed regions if the structures are of high

quality t2801. As residues from different classes of secondary structure fall into specific

regions of the Ramachandran plot, these plots can also give an indication of the secondary

structure.
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4.7 Models for a Membrane Environment

Amphibian peptides are believed to act via destruction of bacterial cell membranes so it is

their conformation in a membrane that is of interest. Attempts at NMR experiments using

native membranes, or even vesicles (Figure 4.16 (b)), have shown no protein tH NMR

signals because the line-widths are too broad [28]-2S3]. This is due to the slow tumbling

of these structures in solution.

It is possible to use solid-state NMR to determine protein and peptide structures in lipid

bilayer systems Í2g4,zgs1(Figure 4.16 (a), however these techniques are still in the early

stages of development. They also require the isotopic labelling of the peptide or protein. A

number of other model membrane systems exist, however, that can be used with both

circular dichroism and NMR spectroscopy to determine structural information. These

media include mixed organic solvents and micelles (Figure a.l6 (c)).

Figure 4.16 Lipid systems used to mimic natural membranes: (a) tipi

ri"èff". Segmänts bt tne vesicle and micelle have been removed to

Micelles are composed of single-chain lipids (d), while bilayers

molecules with two acyl chains (e). The polar head-gfoups are

hydrophobic acyl chains in yellow.
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4.7 a 2,2,2-T ¡illuoroethanol

The simplest and least expensive of the membrane mimicking systems are mixed organic

solvents. Mixtures of alcohols and water have been shown to induce secondary structure in

peptides that are similar to those observed in membrane environments [286]. Probably the

most commonly used alcohol is 2,2,2-tnfluoroethanol (TFE), which has a much larger

structure stabilizing effect than methanol or ethanol [287]'

On its own, water destabilises secondary structure because of its ability to form hydrogen

bonds with the carbonyl and amide groups of the protein. The number and strength of

these bonds mean that, in water, the unstructured peptide is energetically more favourable

than the intramolecularly hydrogen bonded structured form. The lower polarity of

alcohols, coupled with their poorer basicity, means hydrogen bonds between solvent and

protein are weaker, favouring the formation of intramolecular hydrogen bonds [286' 288]'

The greater stabilising effects of fluorinated alcohols, such as TFE and 3,3'3,3"3',3'-

hexafluoro-2-propanol (HFIP), may be due to the formation of micelle-like clusters in

aqueous solution t2891. Clustering produces microscopic regions of very low polarity

where intramolecular hydrogen bonds are further strengthened. This effect is also

observed for other alcohols but not to the same extent f287,2891

TFE is widely thought of as a helix-inducing solvent, however Sonnichsen et al. 12291

found that helical structure was only observed where there was helical propensity in the

sequence. In addition, ffiffiy examples of B-turn [236] and p-sheet Í290' 29ll structures

have been observed in aqueous TFE mixtures demonstrating that TFE does not enforce

helical structure but merely enhances it if the propensity exists.

Nevertheless, there is a poor correlation between native protein structures and those

determined in aqueous TFE. This is thought to be due to the ability of TFE to disrupt

hydrophobic interactions and thus denature tertiary structure 1287, 2911. Small peptides,

such as the amphibian antimicrobial peptides, do not have tertiary structure so their

structures in TFE are expected to resemble their native membrane conformations.
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The peptide magainin, for example, has been shown to have c-helical structure in aqueous

TFE as well as in phospholipid micelles, which are believed to be a more reliable model

for a membrane environment t2061. Results of solid-state NMR experiments in lipid

bilayers were also consistent with a-helical structure along the length of the peptide [152].

Similarly, melittin, a 26-residue peptide from bee venom, forms helix-hinge-helix

structures in aqueous methanol and dodecylphosphatidylcholine (DPC) micelles, however

the average hinge angle observed varies between these studies [215, 292]- Once again, the

results of solid-state studies on lipid bilayers were compatible with the solution NMR

results U431.

While the reliability of TFE as a membrane mimic is still in dispute, its advantages,

including low cost, simple sample preparation and the resulting well-resolved NMR

spectra, make it an attractive alternative to phospholipid systems.

4.7b Micelles

Micelles are spheric al aggregates of amphipathic lipid molecules that form in water when

the concentration of lipids is sufficiently high (i.e., greater than the critical micelle

concentration (CMC)). In these structures, the long hydrophobic tails of the lipids are

directed toward the centre of the sphere, while the hydrophilic head-groups are in contact

with the water (Figure a.n @).

The most commonly used lipids are zwitterionic dodecylphosphatidylcholine (DPC) and

negatively charged sodium dodecylsulphate (SDS) (Figure aJ7 @) and (d))' These lipids

form stable micelles and have low CMCs (l mM for DPC and 8 mM for SDS), low

aggregation numbers and reorient rapidly in solution 12931'

DpC micelles have a naffow size distribution, with micellar diameter between 40 and

55 Ä. [2S1], and about 55 DPC monomers per micelle [281,282]. The size of peptide-

bound micelles remains roughly the same, suggesting the bound peptide simply displaces

a number of lipids. A ratio of one peptide molecule to every 40 lipid molecules was found

for both melittin 1281, 2831 and glucagon 12941. These peptides were shown to be

monomeric within the micelles.

118



-lntroduction- Chapter 4

Figure 4.17 Sch composed of single-chain lipid monomers (b)' A

selment of the how the internal structure. The structures of the

miðelle forming re (c) and sodium dodecylsulphate (d) are also

ino*n. The hylrophilic head-groups are shown in gieen and the hydrophobic tails are shown in

yellow.

peptides are able to reorient within the micelle, as well as equilibrate between the micelle-

bound form and the free form [215, 295].ln some cases, the lipid concentration needs to

be well above the CMC in order to ensure the majority of peptide is in the bound state

1281,2931.

Since micelles provide a similar environment to that found in a lipid bilayer - particularly

in terms of the lipid/water interface - and because of their nea¡ isotropic reorientation they

are suitable for use in NMR studies l2g3l. However, a peptide bound to a micelle will

reorient many times slower than the free form, resulting in larger line-widths and

decreased resolution U521. This also results in difficulty in determining J-couplings.

Micelles are known to disrupt protein tertiary structure in a similar manner to TFE 12871'

This agrees with the observation that enzymes are rarely active in micellar solutions,

which may be due to the extreme surface curvature of the micelle structures 12961.

Micelles have been used with success, however, to determine the structures of a range of

small peptides including glucagon Í29 4, 2g7f , melittin l2l l, 21 5l and magainin [206]'
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Chapter 5 Orientation Studies

5.1 General

A number of different techniques can be used to determine the orientation of peptides in

lipid bilayers. Among these are fluorescence spectroscopy, attenuated total reflection

infrared spectroscopy (ATR-IR), computer simulation methods, oriented circular

dichroism and solid-state NMR spectroscopy. Each technique has both advantages and

disadvantages that will be outlined briefly below.

Fluorescence spectroscopy utilises the fluorescence of tryptophan or tyrosine containing

peptides and specific quenchers to determine the orient¿tion of peptides in a membrane

U38, 298-3001. This is a powerful technique because of the variety of quenchers available

and the option of .labelling' the peptides with fluorescent residues at different locations

tl3S]. However, synthesis of different labelled peptides is time-consuming and costly, and

a number of experiments may have to be done on each analogue to determine the

orientation of the parent peptide 1299t. Furthermore, the labelled peptides may have

different structures, or activity, from the native peptide and thus may have a different

orientation.

Infrared spectroscopy is a technique used to study the characteristic vibrations and

motions of molecular species. orientation of molecules can be determined because the

absorption of infrared radiation is dependent on the angle between the polarisation of the

light and the transition moment of the vibration t3011. Sample preparation is simple and

the technique is sensitive enough to obtain results with less than one microgram of peptide

t3021. However, access to specialised equipment is required t3031' A large number of

peptides have been studied using this technique U55, 3021 but there is still debate over the

accuracy of the results, given that in most cases the orientation has not been verified by

another technique, under the same conditions [303]'

Molecular dynamics simulations of peptide-lipid interactions are increasingly being used

to probe the orientation of membrane peptides U29, 155,304]' There are many ways to
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model the system, each differing in the amount of computer time they require and the level

of detail and realism they provide, so that a trade-off is necessary. While progress is being

made in this area, simulations are not yet suffrciently advanced to provide a detailed view

of the mechanism of action of these peptides t304]. In addition, empirical observations are

necessary to veriff or support the results of simulation studies.

CD can be used to study the orientation of helical peptides because an a-helix has

electronic transitions that are polarised either parallel or perpendicular to the helix long

axis 1226,3051. The shape of the CD spectrum of an oriented peptide/lipid sample

indicates the average orientation of the helices with respect to the incident light. This

approach has been used to study an affay of peptides and proteins including magainin,

melittin and alamethicinll24,l40, 306, 3071.

Oriented circular dichroism requires only very small amounts of peptide (ca. 200 pg) and

can be performed using a conventional CD spectrometer. Sample preparation can be

tedious unless using a lipid, such as l,2-dimyristoylphosphatidylcholine (DMPC), that

forms aligned bilayers with minimal experimental effort. High absorbance of the lipid

bilayers limits the amount of material that can be used and therefore, the sensitivity of the

experiment.

Solid-state NMR offers yet another approach for analysing the orientation of peptides in

membranes. This technique makes use of the fact that the chemical shift of a nucleus is

dependent on the orientation of its chemical shift tensor, with respect to the external

magnetic field [30g]. Solid-state NMR is a versatile technique since a variety of nuclei can

be examined in membrane samples to yield information about both the peptide and its

effect on the lipid bilayer. Unfortunately, isotopic labelling is necessary to obtain much of

this information.

Ambiguous results can be obtained with these techniques so a peptide's orientation is best

determined using a number of different methods. At times, different techniques used to

study the same peptide have produced conflicting results, however this can be explained

by differences in sample preparation, bilayer hydration, lipid phase or LÆ ratio. Thus, care

must be taken to compare similar systems.
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For the present study, the techniques of solid-state NMR and oriented circular dichroism

were chosen and these will be described in further detail in the following sections.
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5.2 Solid-State NMR SPectroscopy

The orientation of a peptide in a lipid bilayer can be determined using the powerful

technique of solid-state NMR spectroscopy, which relies on the orientational dependence

of the chemical shift. In solution the chemical shift is averaged to an isotropic value, but in

the solid-state, each orientation of the nucleus results in a different chemical shift. This is

known as the chemical-shift anisotropy (CSA) and is due to the electronic shielding of the

nucleus from the magnetic field (Bo) [52, 308]. The shielding can be described by a

tensor, which in tum can be represented graphically as an ellipsoid (Figure 5.1), where the

three axes of the ellipsoid correspond to the principal tensor elements Çn, o.22 and o¡¡

[230].

o3g

Bo

0

6zz

oÍ

{

Figure 5.1 The chemical shift tensor represented by an ellipsoid is defined by the principal tensor

elãments .,Í, o2zand oss. Different orientations of the tensor, relative to the external field (Bs)' as

defined by ángÞs e and S, result in different chemical shift values for the nucleus, (Based on a

figure from Evans t2301).

The chemical shift at a particular orientation corresponds to the length of a vector that

starts at the centre and finishes at the edge of the ellipsoid, parallel to the B0 vector [152].

In order to determine the orientation of the molecule with respect to the field, the

orientation of the chemical shift tensor within the molecular frame and the values of the

principal tensor elements must be known.
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For a single crystal, a sharp line will be present for every unique orientation of the nucleus

within the field. For a powdered sample, however, a peak will be observed for the

orientation of each tiny crystal, resulting in a broad line with a distinctive shape [309]' The

shape of the line is related to the principal elements of the shielding tensor (Figure 5.2) as

well as the distribution, or orientations, of the micro-crystallites [230, 309]. Any motion of

the nuclei that is faster than the frequency range being considered will result in some

degree of averaging of the CSA [310]. In the isotropic case, the CSA is averaged to the

isotropic value (ô¡ro), which is equal to 1/3(orr * c22r- o¡¡) [3ll]'

o2z

t

011 ô,.o

+

Figure S.2 Schematic representation of a theoretical powder pattern for a nucleus with an

asymmetric chemical shift anisotropy (i.e., o11* o22+ oss)'

Dry samples are not required for solid-state NMR. Rather, this technique can be applied to

any system with anisotropic motion [310] and it is therefore appropriate for the study of

lipid bilayer aggregates. The orientation of a peptide within the bilayer and the effect of

the peptide on the phospholipid can be investigated, as described in the following sections.

5.2a Orientation of PePtides

In order to determine the orientation of a peptide within the applied magnetic field, the

alignment of the chemical shift tensor of the nucleus of interest must be known relative to

the molecular frame. Hence, the conformation of the peptide must be stable on the time-

scale of the relevant NMR frequency range. Similarly, the nucleus needs to have a stable

position relative to the rest of the molecule. Peptide backbone atoms fulfil the latter

condition but to be useful for solid-state NMR these positions must be isotopically

o33

+
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labelled with either t5N or r3C. The orientation of the lipid bilayer must also be known.

Methods for controlling this orientation will be described in later sections (Sections 5.2e

and 5.2f¡.

The orientation and magnitude of the principal elements of the amide rsN chemical shift

tensor have been determined for a number of model peptides 12071. The breadth of the

CSA is of the order of 150-175 ppm, with the magnitudes of the principal elements being

around 6t:64 PPñ, ozz:77 ppmand o¡¡:217 ppm [154]'

The amide r5N chemical shift tensor is aligned in the plane of the peptide, with o33 making

an angle of around 17. with the N-H bond of the amide Í312,3131. Thus the orientation of

the o33 element is roughly equivalent to the orientation of the amide bond and hence the

long axis of the a-helix. A lsN chemical shift of around 200 ppm indicates o33, rlnd

consequently the peptide, is aligned parallel to Bs. Conversely, a chemical shift of a¡ound

80 ppm indicates o33 and the peptide are oriented perpendicular to the field'

The powerful technique of solid-state NMR spectroscopy has been used to study

nnmerous peptides including antimicrobially active peptides [123, 139, I54, 2071,

segments of large membrane proteins [314] and model peptides 1129,l49l'

The broad range of the ttN CSA means that there should be little ambiguity in the

qualitative assignment of peptide orientation. However, this advantage is ofßet by the fact

that l5N nuclei are inherently insensitive [48, 315]. A one-dimensional 
l5N experiment

must be run with a very large number of transients such that the total running time is of the

order of days (cf. seconds to minutes for proton spectra). Special techniques such as cross-

polarisation (Cp) can be used to increase the sensitivity of the lsN nuclei. Here the large

and rapidly acquired polarisation of the protons is transferred to nuclei of low

magnetogyric ratio (y) (in this case ttN) by matching the Br rf fields such that

TnBru: ',NBrw l3l7l. CP also allows faster recycling times since the spin-lattice relaxation

time (Tr) of protons is far shorter than that of r5N nuclei'

125



-lntroduction- Chapter 5

Another procedure used to increase the signal-to-noise ratio is the application of a 'line-

broadening' function. Sometimes called exponential multiplication, this technique

involves multiplication of the FID by an exponential function during processing [231]. As

implied by the name 'line-broadening function', the increase in the signal-to-noise ratio is

accompanied by a broadening of the resonance lines. Thus, the line-width should be

estimated before this processing is applied.

5.2b Peptide-LiPid lnteractions

In addition to determining the orientation of a peptide in a bilayer, solid-state NMR can

also be used to study the influence of the peptide on the bilayer phospholipids. The general

structure of a phospholipid is a polar head-group connected to two hydrophobic acyl

chains (Figure 5.3 (b) and solid-state NMR can be used to look at eithcr of these regions.

The lipids form bilayers, where the acyl-chains are directed toward the middle of the

bilayer and the head-groups face the water (Figure 5.3 (a). The molecular æris that runs

along the lipid length is known as the director axis [309]'

r (a) composed of lipid monomers (b)' The director
(b): The structure of the bilayer-forming lipid 1,2-

shown (c). The hydrophilic head-groups are shown
yellow.

, rJ
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5.2c Head'groups - PhosPhorus NMR

phospholipids each contain a phosphorus atom in their head-groups and since the

magnetic isotope 3lP has 100% natural abundance, NMR is a convenient tool for

investigating the conformation and mobility of lipid head-groups.

A 31p spectrum of a dry phospholipid powder is characterised by a powder pattern similar

to that shown in Figure 5.a (a) with CSA - 190 ppm [318]'

(a) (b)
ar=Yz(crr+oss)

(c)
o,

+
oil = o11
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Figure 5.4 31p NMR spectra expected for phospholipids as (a). a dry pow_der (b) with rapid axial

ro[ation and (c) trvorateà lipid bilayers, whäre rapid.axial rotation, as well as motion of the lipid

director axes occurs. orr refers to the chemical shift when the unique axis rs parallel to Bo while or

refers to the chemicai'lnitt *r,"n this axis is perpendicular to the field. (Based on a figure from

Smith and Ekiel[319]).

When the phospholipids form hydrated bilayer dispersions, the phospholipids rotate

rapidly about their director axes. The principal tensor elements 6zz aîd o33, which are

roughly perpendicular to the director axis, are averaged to the new element o1, with orr

now designated as o¡¡ [319]. The notation o¡¡ specifies the chemical shift when the external

magnetic field is parallel to the unique axis, while or indicates the chemical shift when the

unique axis is perpendicular to the external field. If this were the only motion present, then

a 3lp spectrum similar to that shown in Figure 5.4 (b) would result. In reality, however,

there is also rapid, but limited, motion of the director (ol r) axis such that it moves in a

cone. Now there is partial averaging of the o¡ and or elements and the CSA is further

reduced t3l9l. This circumstance is illustrated in Figure 5.4 (c), which shows the effective

tensor elements o¡¡'and o1'. The CSA is now of the order of 50 ppm [309].
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The CSA reduction is indicative of the motion around the director axis. Changes in the

amplitude of this motion, for example due to a peptide inserting parallel into the surface of

the lipid bilayer, will result in further alterations of the CSA. Thus, measuring the 3rP CSA

is one way of detecting the influence of peptides on the lipid head-groups [319]. The

phosphorus CSA, Ao, is equal to the difference between the effective tensor elements o¡¡

and ot measured at half-height of the low-frequency 'foot' of the spectrum [320], as

shown below in Figure 5.5 (a).

3rp NMR can also be used to indicate the phase-state of the lipids. When the lipids form

other phases such as inverted hexagonal phase or cubic phase, the motion and orientation

of the lipids is altered, resulting in distinctive 3tP spectra [321] (Figure 5.5). These line-

shapes can sometimes arise from more than one type of phase or head-group conformation

so the phase cannot be definitively identified by 3rP NMR alone [322]. For example,

micelles, vesicles and the cubic phase all result in a single sharp peak [321]'
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Figure 5.5 31p NMR spectra characteristic of different lipid phases - (a) bilayer (b) inverted

he-xagonal (H¡¡) phase 
"|,0 

(c) isotropic phases including micelles, vesicles and cubic phases. The
ttP CSA (Âo) is indicated for the bilayer phase.

Unless appropriate measures are taken, the line-shape of the 3lP spectrum will consist of

contributions from both the CSA of the phosphorus nuclei and proton-phosphorus dipole-

dipole interactions. To remove distortions caused by the dipole-dipole interactions' a

proton decoupling field is applied during acquisition of the spectrum 13231'
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5.2d Acyl Chains - Deuterium NMR

3rp NMR provides information about the orientation and mobilþ of the lipid head-groups.

Similarly, deuterium 12ff; NVtn can furnish information about the orientation and mobility

of the lipid acyl-chains. In this case, however, the lipids must be isotopically labelled.

Deuterium nuclei have spin (I) equal to one and therefore have a quadrupolar moment. As

a result, 2H NMR spectra show a pair of peaks for each type of deuterium nucleus present

t3l0l. For a poly-crystalline sample, a doublet appears for every possible orientation of

the deuterium nuclei, resulting in a characteristic spectrum known as a Pake powder

pattern [230] (Figure 5.6). This is similar to the powder pattern obtained for an l= ll2

nucleus but here two equal and opposite powder patterns overlap. The size of the

quadrupolar splitting, or the frequency difference between each pair of peaks, is given by:

Âv : (3/4)(e2qQ/h)(3cos2e- I ¡

where Av is the quadrupolar splitting, (e2qQ/h) is the deuteron quadrupole coupling

constant and 0 describes the angle between the principal axis of the deuteron and the

extemal magnetic freld [230].

0=90" 0=90o

+t

0 :00

+

0=0o

+

II

Figure 5.6 Schematic representation of the powder pattern obtained for 2H, an l=1 nucleus. The

solid line shows the oveiall pattern, while the dashed lines indicate the contributions of two equal

and opposite powder patterns. Also indicated are the resonance positions for the 0 = 0" and 90'

orientaiion of the deuteron principal axis, with respect to Be.

For an unoriented bilayer dispersion, labelled with deuterium at every carbon on the lipid

acyl chains, a spectrum similar to that shown in Figure 5.7 (a) will result. This spectrum is

the superposition of the Pake patterns for each type of deuteron along the acyl chains
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membrane normalg0'to the external magnetic field, Bo.

In a sample of oriented bilayers, the 2H NMR spectrum produced will depend on the angle

between the bilayer normal and the magnetic field. At an angle of 90" to the field, doublets

will be present corresponding to the inner peaks of the Pake powder paüern for each type

of 2H nucleus and a spectrum similar to that shown in Figure 5.7 (b) results. At 0o, on the

other hand, only the outer-most splittings of the Pake pattern will be present [3251.

Oriented samples, therefore, give greatly simplified 2H spectra that are easier to analyse.
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f314l. These Pake doublets have reduced quadrupolar splitting compared with that found

for a dry lipid sample because of the reorientation of the lipid molecules.

Like 3lp NMR spectra, 2H spectra can give an indication of the phase-state of the lipids

because of the different quadrupolar sptittings observed with different phases [321]. For

example, the quadrupolar splittings of deuterated lipids in the hexagonal phase are reduced

by a factor of two from those in the bilayer phase 13261.

0
klk

Figure 5.7 2H spectra of (a) unoriented bilayer dispersions and (b) bilayers oriented with the
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The quadrupolar splitting is dependent on the orientation of the deuterons in the magnetic

field and motion of the deuterium nuclei leads to partial averaging of the splitting Í3271.

Thus, increased motional freedom, or decreased order of the acyl chains, will result in a

reduction of the quadrupolar splitting, while restricted motion (increased order) will

increase splittings. As the ends of the lipid chains are extremely mobile and disordered,

the deuterons on the terminal metþl groups result in the smallest splitting present in the

2H spectrum. As we move step-wise along the acyl chains towa¡d the phosphocholine

head-group, the methylene groups become more ordered and hence the quadrupolar

splitting of the deuterons increases 1325).

The mobility of the carbon-deuterium bonds can be related to an order parameter, Sco,

where:

ScD: <3cos20-1> and

Av: (3/4)(e2qQ/h)Sçp t32Sl

Åv is the quadrupolar splitting, (e2qQ/h) is the deuteron quadrupole coupling constant and

0 describes the angle between the principal axis of the deuteron and the magnetic field.

The angled brackets < > indicate the time-average of the angular function. Sco can be

calculated from the second equation since the quadrupolar splitting can be measured from

the 2H spectrum and (e2qQ/h) is known to be -170 kHz for paraffin chains [328]. In order

to know which carbon-deuterium bond order is being measured, however, we first need to

assign the 2H spectrum.

It is diffrcult to accurately assign the 2H spectrum, firstly because of the overlap of signals

and secondly because the two acyl chains are not equivalent 13291. However, there are

methods for assigning these spectra if we assume that the chain order parameters, and

hence the quadrupolar splittings, decrease monotonically along the chain from the segment

nearest the head-groups to the free ends of the chains t3241. Such an effect was observed

by Seelig and Seelig [330] using specifically deuterated phospholipids.

peptide-lipid interactions can be investigated by comparing the order parameters of pure

lipid bilayers with those in the presence of peptide. The Sco order parameters can be
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plotted against acyl-chain carbon position to give a visual representation of these changes.

A quantitative expression of the changes can be obtained by calculating them as a

percentage of the order parameters obtained from control bilayers. Such comparisons have

been used to provide evidence for the insertion ";}*-,Eitt 
and peptides into bilayers. ln

general, peptides that insert into the bilayer, fie+pendteitttr to the membrane normal,

increase the order of the acyl chains 1320, 3311, while peptides inserted parallel to the

bilayer surface, decrease the order ofthe acyl chains Í332-3341'

2H NMR experiments are prone to certain difficulties due to the large spectral width of the

signals. The spectrum is dependent on the quadrupolar splittings, which are mainly

determined by the coupling constant, e2qQ/h (- 170 kHz for acyl chains). This results in

spectra up to 250 kHz wide and it is difficult to apply a uniform rf pulse over this range

because of hardware limitations.

A second problem encountered with 2H NMR experiments results from the short

transverse relaxation times (Tz) that occur with this nucleus [319]. Because the probes

used in high-resolution NMR spectrometers have high qualiry (a) factors, it takes a

relatively long time for the probe to ring-down (- several ps) [327]. As a result, the

detector may pick up the remains of the rf pulse during acquisition, resulting in distortions

to the signal. To reduce this, a delay is usually inserted between application of the rf pulse

and acquisition of the spectrum. However, since Tz is short, little to no signal may result

t3191. An experiment, known as a solid- or quadrupole-echo, is used to circumvent this

problem. The pulse sequence for this experiment is as follows:

90o-t-90o -Í-tz

where t represents a time delay and t2 is the acquisition period. It is difficult to visualise

what is occurring with this sequence, using a vector representation, because we are dealing

with an I : I nucleus, with three spin states. However, there is an analogous experiment

for I: 1/2 nuclei called a spin-echo experiment [230].
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The pulse sequence for the spin-echo experiment is:

90o-t-180o-r-tz

During the first delay, t, the magnetisation in the XY plane decays according to T2 (Figure

5.S). A l80o pulse is applied followed by a second delay of time t during which the

magnetisation refocuses to reach an echo maximum t3191. The refocused signal is

acquired to give the spectrum. As long as r is longer than the ring-down time of the probe,

no distortion of the signal due to ringing will remain 13271'

z z z
Bo z

Mo

1809+99i' 1
Y ----> , L'

Y ---->
x X Xx x

Figure 5.g Vector representation of the spin echo experiment. Vectors travelling faster than oo are

labelled ,+, while those travelling slower aie labelled '-'. (Based on a figure from Evans t2301).

5.2e Mechanically Aligned Bilayers

To determine the orientation of peptide molecules within a bilayer, the orientation of the

bilayer must be controlled. One way qf doing this is to apply the lipid/peptide mixture to a

number of thin glass plates, hydrating the sample and stacking the plates on top of one

another [335] (Figure 5.9).

". ", .l'/ r ll,,rr,'tji; iilh'f :l't.t,,t','
, l", l'i1',t ; r,"t'ti1¡,ilr;il|l¡{l,f 'l!rìll

,,: .,ì,,,, j¡ ¡,1¡t'!i,1,*,u,',,
',,, i r, rr ', ,',; rt,llf\li tr frli r,

Figure 5.9 Lipid bilayers mechanically aligned between glass plates.
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A high degree of alignment can be achieved using this method and the large size of the

bilayers means that edge effects are minimised [284]. However, since the majority of the

sample volume is glass, and the total volume is limited by the spectrometer coil size, the

amount of sample that can be applied is restricted. Thus the sensitivity of the sample is

reduced Í3251.In addition, as only 10-30 Ä separates the bilayers, the interstitial water is

believed to be ordered by the bilayers, resulting in different properties to bulk water [310].

Therefore, peptides may act differently in this system than they might otherwise.

Verification of the alignment of the bilayers can be obtained from 3rP and 2H NMR. If the

bilayers are aligned with the membrane normal perpendicular to the magnetic field, the

phosphorus spectrum will contain a single peak, with a chemical shift that corresponds to

oa(ca. -15 to -20 PPm) [319].

The 2H NMR spectra of unoriented bilayers composed of chain-perdeuterated lipids'

consist of the overlapping powder patterns from each pair of deuterons along the acyl

chain, as explained in Section5.2d (Figure 5.7 (a). Orientation of the bilayers withthe

membrane normal perpendicular to the magnetic held results in resolved doublets, or

splittings, for each deuteron pair (Figure 5.7 (b)).

5.2f MagneticallyAligned Bicelles

An altemative to mechanical alignment is the spontaneous alignment of molecules in a

magnetic field. Placing phospholipid molecules in a magnetic field (Bq) induces a

magnetic moment in the sample due to the anisotropy of the diamagnetic susceptibility

tensor t3l0]. This magnetic moment causes alignment of the molecules within the field,

provided the magnetic moment is large enough to overcome opposing forces such as the

randomising effects of thermal motion [310].

It has been found that specific mixtures of long and short-chain lipids form disc shaped

aggregates in solution, which orient in Bo t3l0]. The discs, or 'bicelles', consist of a

bilayer of long-chain lipids capped at the edges by micelle-forming short-chain lipids

[336] (Figure 5.10). The most common system used at present is the combination of

DMpC and 1,2-dihexanoylphosphatidylcholine (DHPC) at a ratio of around 3:1, which
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form bicelles that orient with the bilayer normal perpendicular to the field [310, 325,337,

338]. The orientation is dependent on the ratio of the two lipids, as well as the temperature

t311]. At suitable ratios, smaller structures are formed that reorient rapidly and these

isotropic bicelles can be used for solution NMR structure studies Í2961. Thus bicelles

bridge the gap between solution and solid-state NMR [3] l]'

Figure 5.10 schematic diagram of a bicelle (a) composed of (b) long- and (c) short-chain lipid

monomers. A segment of the bicelle has bèán removed to show the internal structure. The

stru imyristoylphosphatidylcholine (DMPC)

and lphosphatidylcholine.(DHPO) are also

sho oured yellow' while those of the short-

cha head-groups are shown in green'

3lp and 2H NMR can be used to monitor the level of orientation of bicelles. oriented

samples show two sharp peaks in their phosphorus spectrum at around -5 and -10 ppm'

due to the DHPC and DMPC molecules respectively and thus, the peak at -10 ppm is

a¡ound three times as large as that at -5 ppm [33S] (Figure 5.ll (a).2H spectra of the

bicelles, when only the DMPC is deuterated, resemble those of aligned bilayers, except

that the peak splitting is reduced such that the outer peaks occur at around + 10 kHz

instead of + 15 kHz (Figure 5.l l (b)).

Addition of lanthanide ions to oriented bicelles causes the bicelles to flip, so that the

bilayer normal is parallel to the freld [325]. It is also possible to prepare bicelles using
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acidic phospholipids such as 1,2-dimyristoyl-n-gþero-3-phospho-L-serine (DMPS) or

1,2-dimyristoylphosphatidylglycerol (DMPG) t3371. Thus, magnetically oriented bicelles

may be a versatile alternative to mechanically aligned bilayers.

(a)

60 40 20 O -20 -40 60
kHz

(b)

30 20 10 0 -10 -20 -30

kHz

Figure 5.11 Typicat 1a¡ 
3rP and (b) 2H spectra of bicelles.

There are some problems with the use of bicelles, however. Firstly, because they are a

relatively new medium, they are yet to be completely characterised [311]. Secondly, the

detergent (micelle-forming lipids) present in the bicelles may cause artefactual structural

perturbations of the peptide/protein under study [3ll]. However, the concentration of

detergents in bicelles is quite low and in most cases does not seem to cause problems.
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5.3 Oriented Circular Dichroism

Oriented circular dichroism (OCD) is another technique that is useful for studying the

orientation of peptides in lipid bilayer environments. CD uses the difference in absorbance

of left and right circularly polarised light to study molecula¡ structure, whereas NMR

spectroscopy uses the energy difference between nuclea¡ spin states. Thus OCD provides a

means of veriffing NMR findings since the two techniques exploit different physical

phenomena.

The theory behind CD has been described briefly in Section 4.2. Orientational information

can be obtained because one of the æ-æ* transition moments of the peptide backbone is

polarised parallel to the helix long ax\s 12261. This transition results in a minimum in the

CD spectrum at a¡ound 210 nm t3071. If the helices are oriented with the helix axis

parallel to the incident light beam, this minimum will be absent, but if the helices are

aligned with the helix axis perpendicular to the light beam, the trough at2l0 nm will have

maximum amplitude [305].

Reference spectra for purely parallel or purely perpendicular helices are presented in

Figure 5.12 [305], which also shows the spectrum for an isotropic sample' Here it can be

seen that for a parallel helix, a peak is expected at around 188 nm and a minimum around

227 nm, with a zero-degree crossover point around 210 nm. For a perpendicular

arrangement of helices, a peak around 190 nm and minima around 210 nm and 220 nm

occur, with a crossover point around 200 nm.

Comparison of the CD spectra of peptides in oriented bilayers with the reference spectra,

enables the orientation of the peptides to be determined. This is straightforward for the

ideal case, where the peptide under study orientates completely parallel or perpendicular,

but if the spectra indicate an intermediate angle, more than one scenario can produce the

same result since the data reveal the average conformation. For instance, all of the

peptides could orient at the angle derived from the spectrum or, alternatively, a

combination of parallel and perpendicular orientations could be present, such that the

superposition of their spectra results in an intermediate spectrum. Therefore, there is some

ambiguity in OCD results.
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Figure s.12 Calculated circular dichroism spectra of an cr-helix oriented parallel (ll) or

perpendicular (I) to the incident light beam. The central spectrum is the summation of the parallel

änd p"rp"ndicular spectra, represLnting an isotropic distribution of c¡-helices' (Diagram modified

from [305]).

Oriented lipid bilayer samples are required for OCD experiments. These are usually

prepared from aqueous samples of peptide-DMPc mixtures. The DMPC in these solutions

forms multilamellar vesicles (MLV, i.e., concentric spherical bilayers or vesicles). These

solutions are sonicated to produce small unilamellar vesicles (SUV, i.e., unilamellar, or

single bilayer, vesicles) that are then applied to a quartzplate. The solution is spread over

the plate and dried with a stream of nitrogen gas until the majority of the water has

evaporated. The DMPC is now in the form of oriented hydrated membranes [339] that can

be placed in the spectrometer with the membrane normal parallel ot af a specific angle to

the incident light beam, and the CD spectrum recorded.

CD measures the difference between the absorption of left and right circularly polarised

light, which can be small in comparison to the total absorption. In the case of lipid/peptide

samples, the lipid component produces little CD signal but has high absorbance, causing

difficulties for the spectrometer detectors. Thus the amount of lipid used, and hence the

amount of peptide, is limited. Fortunately, the sensitivity of the CD technique is high and

peptide concentrations of ca. 200 ¡rg'ml-r are all that is required.

Non-uniformities in the aligned DMPC samples can lead to artefacts in the CD spectrum

due to linear dichroism and linear birefringence [340]. The quality of bilayer alignment

can be checked by comparing the spectrum to the spectrum produced when the sample has

been rotated through l80o about an axis perpendicular to the incident light [340].

200 260

il
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CD spectra of isotropic samples must also be obtained for comparison. SUV samples are

suitable for this purpose. These spectra can also confirm the binding of the peptide to the

vesicles by comparison with the cD spectra of the peptides in water.

OCD studies have shown that the orientation of particular peptides can be dependent on a

number of different factors, including lipid phase U241, L/P ratio U25, l40l and the

hydration state of the bilayers [341]. Thus, the samples should match as close as possible

the conditions used for the oriented solid-state NMR studies so that results can be

compared.
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Ghapter 6 Short Antibacterial Peptides
- GitroPin 1.1 and Aurein 1.2

6.1 lntroduction

A large number of novel peptides have been isolated and identified from the dermal

secretion of Litoria citropa - a frog commonly known as the Blue Mountain's Tree Frog

13421 (Figure 6.1). These peptides, subsequently named citropins, were tested for

biological activþ, which showed that three of the citropins had broad-spectrum

antibacterial action. The citropin antibiotics were each comprised of only 16 amino acid

residues, which is unusually short for antibacterial peptides, yet they show comparable

activity to the longer caerin l.l (25 residues) and maculatin 1 .l (21 residues) peptides

(Table 6-l).

L. citropa

L. raniformis

Figure 6.1 L. citropa and L. raniformis and their geographical distributions.

Recently, two even shorter antibiotic peptides were discovered in the dermal secretion of

Litoria raniþrmis - the Southern Bell Frog of eastern Australia [14] (Figure 6.1). Named

aurein l.l and aurein 1.2, these peptides contain only thirteen residues each, making them

,t-r'lt
ft., l

'A

140



-lntroduction- Chapter 6

the smallest antibiotic anuran peptides yet discovered. Their activity is modest when

compared with the broad-spectrum activity of citropin l.l and other highly active peptides

(Table 6-l) but even this level is impressive given their size'

Table 6-1 Sequences and antibacterial activities of selected natural and synthetically modified

citropin and aurein peptides compared with those of caerin 1.1 (c1.1) and maculatin 1.1 (M1'1).

MlC, minimur 
"on""ntration 

of the peptide (pg'mL-t) necessary to inhibit the growth of the

pathogen.

Peptide Sequence

Gitropin
1.1

1.2

1.3

1.1 D

Aurein
1.1

1.2

c1.1

Mt.l

GLFDVIKKVASVIGGL-NH2

cLFDr TKKVASWGGL-NH2

GLFDT IKKVASVIGGL-NH2

Gt fdvi kkvasviGGl-NH,

GLFDI IKKIAES I -NH2

GLFDI IKKIAESF-NH2

GLLSVLG SVAKHVL PHWPVIAEHL-NH2
GL FGVLAKVAAHVVPAIAEHE-NH2

MIC (uq'mL'r )'

Organism Citropinb

1.1 1.2 1.3

Aureinc

l.l D 1.1

cl.lb Ml.tb
1.2

Bacillus cereus

Escherichia coli

Leuconostoc /acfl's

Listeria innocua

Micrococcus luteus

Pasteurella multocida

Staphylococcus aureus

Staphylococcus ePide rmis

50 25 25 25 50 100 50 25

Sfrepfococcus uberis

6

25

12

3

100

12

b

25

12

3

25

25

25

12

12

25

100

100

12

100

100

100

50

50

50

1.5

25

12

3

12

12

3

100

12

25

6

12

3

25

12

25

25

25

12

25

25

12

" Where there is no figure listed, the MIC value is >100 Fg'mL-1
o Data for the citropinð, caerin 1 . 1 and maculatin 1 .1 are from Wegener ef a/. [16].

" Data for the aurein peptides are from Rozek ef al.1141.

The all-D isomer of citropin 1.1 was also synthesised and tested (Table 6-1). Interestingly,

this analogue has essentially the same activity as the naturally occurring version,

suggesting the mechanism of cell killing is via membrane disruption rather than

interaction with chiral receptors.
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These citropin and aurein peptides are too short to form a-helices capable of spanning a

bacterial cell membrane and thus, cannot act via the barrel-stave mechanism. The width of

a bacterial cell membrane is of the order of 30 Ä and peptides that span a bilayer are

generally 20-25 residues in length Í117,3431. Alternatively, these peptides may exert their

action via the carpetJike mechanism or the toroidal mechanism (Section 3.2). As yet, the

details of the activity of short antibiotic peptides are not known.

Citropin l.l and aurein 1.2 were chosen as model short antibiotic peptides for structural

and mechanistic studies. 
'When placed on a Schiffer-Edmundson wheel projection (Figure

6.2), the sequences of both these peptides are arranged such that the hydrophobic and

hydrophilic residues are segregated. This suggests the peptides could form amphipathic a-

helices with hydrophilic angles around 100'. This angle is consistent with class L peptides

- a group that contains many antibacterial peptides, including magainin [68] - and

translates to the high values of hydrophobic moment seen in Table 6-2'

1

GK
1

GK
G

D

K

ú6 D

K

S

L

E

L

Frs

F F

Citropin 1.1 Aurein 1.2

Figure 6.2 Schiffer-Edmundson wheel projection of citropin-.1.1 and aurein 1.2. Hydrophilic

reéidres are indicated in blue and hydrophobic residues in red [67].

Citropin l.l and aurein 1.2 are positively charged at neutral pH, whichmay attractthese

peptides to the acidic lipids of bacteriat cell membranes. They are also hydrophobic,

which would allow them to insert into the hydrophobic region of a bilayet- Table 6'2

summarises some of the physical characteristics of these peptides.
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Table 6-2 Structural parameters of citropin 1.1 and aurein 1'2

Chapter 6

Peptide HydrophobicitY" HYdroPhobic

momentb

Hydrophilic
angle

Charge State

Citropin 1.1

Aurein 1.2

0.144
0.042

0.319

0.416

1 00"

140"

+2

+1

" Mean residue hydrophobicig as calculated from the consensus sequence of Eisenberg [197]'
b Hydrophobic moment (p) per residue [67].

The structure-activity relationship (SAR) for citropin 1.1 was investigated further through

the synthesis of two substitution analogues that were then tested for antibacterial activity.

The sequences of these analogues and the test results are shown in Table 6-3'

Table 6-3 Sequences, antibacterial activities (frlp, ¡S;qrt-].)."F structural features of natural and

syntnet¡catty modified añärogrér of citropin r.ì (ct.ì). Modified residues are indicated in red'

Peptide Sequence

Citropin 1.1

Ala4

AlaT

GLFDVIKKVASVIGGL-NH2

GLFAVIKKVASVIGGL-NH2
GLFDVIAKVASVIGGL-NH2

Organism MIC (ps mL-1)"

c1.1b Ala4" Ala7"

Bacillus cereus

Escherichia coli

Leuconostoc lactis

Listeria innocua

Micrococcus luteus

Pasteurella multocida

Staphylococcus aureus

Staphylococcu s ePide rmis

50

6

25

12

25

100

3

25

12

25

12

25

100

25

12

25

25

25

100

100

100

100Streptococcus ubens

Charge

Hd
ep

" Where there is no figure listed, the MIC value is >100 pg'm
b Data for citropin 1.1 are from Wegener ef a/. [16]'
c Unpublished data.
o Mean residue hydrophobicity (H) [197].
o Hydrophobic moment (p) per residue [67].

The first modification, where Asp4 is replaced with alanine, results in a peptide with

increased positive charge, increased hydrophobicity and reduced amphipathicity' The

+2

0.144
0.319

+3

0.204
0.261

+1

0.228
0.266

L-1
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activity, however, remains essentially unchanged. This suggests that the increased charge

compensates for the reduced amphipathicity.

The second analogue has an alanine residue in place of Lys7. This results in a peptide with

similar hydrophobicity and amphipathicity to the first analogue but with a smaller overall

charge. The dramatic drop in activity of the AlaT analogue must therefore be due to the

loss of a positive charge.

These two modifications illustrate the importance of cationic nature to the activity of

citropin l.l, perhaps indicating that the rate-limiting step in its mechanism is initial

binding to the cell membrane. This is supported by the results of testing these compounds

against multiple cancer cell lines. Citropin 1.1 shows LCso values of the order of 10-s M.

The Ala4 analogue, l*.:..:l:i.Såt*:="f"ry*Ë11tude 
greater activitv and the AlaT

analogue is inactive. Ïhr., itre 
-ãctiuity 

increases with increasing positive charge,

consistent with the known acidic nature of the outer leaflet of cancer cell membranes

[343].

Aurein 1.2 was shown to have in vitro activity against 52 out of 54 tumour cell lines tested

but does not lyse red blood cells at 100 pg.ml--t [t+]. A concentration of 1 mg'ml-r is

required to completely lyse the erythrocytes, demonstrating the selectivity aurein 1.2 has

for cancer cells.

To fuither investigate the mechanism of action of both citropin l.l and aurein 1.2, their

structures were determined by NMR spectroscopy and restrained molecular dynamics

calculations in aqueous TFE, a membrane-mimicking solvent. Following this, the

techniques of solid-state NMR spectroscopy and oriented circular dichroism were used to

study the behaviour of these peptides in lipid bilayers. The results of these investigations

are described in the following sections.
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6.2 Citropin 1.1

6.2a Circular Dichroism Studies

CD spectra were recorded for citropinl.l in varying amounts of TFE in water (0-50% by

volume) to flrnd the optimal solvent mixture for NMR experiments (Figure 6.3).

-0% 
TFE

10% ïFE

-20o/olTE
-30% 

ÏFE

-40o/oTFE
-50% 

TFE

oo,
or¡)orf)oroq99Fs: ññÑÑRRÑ

Wavelength (nm)

Figure 6.3 CD spectra of citropin 1.1 at the varying concentrations of TFE (by volume) indicated

For 0-20vo TFE, the spectra show a broad minimum around 200 nm that is characteristic

of an unstructured peptide 1344].Increasing the amount of TFE to 30Yo and above results

in a marked change in the spectra. These curves now have minima around 208 nm (æ-n*

transition) and 222 nm (n-æ* transition) that are characteristic of a peptide with a-helical

structure. These minima are at their lowest values (greatest ellipicity) at 50Yo TFE (by

volume). Based on these results, NMR studies were undertaken using the solvent system

of 50Yo TFE in water.

The molar ratios of TFE to water molecules at30o/o arrd 50o/o TFE, are 10:90 and 20:80

respectively Íg71. Thus, on a molar basis, the amount of TFE is small compared to the

amount of water present. From these CD results, it seems that citropinl.l has a high

tendency to form an a-helical conformation'
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6.2b NMR Studies - Assignments

The proton chemical shifts of citropin l.l were assigned via the sequential assignment

procedure, using a combination of TOCSY, DQF-COSY and NOESY experiments, as

outlined in Section 4.aapa\. These assignments are indicated in the partial TOCSY and

NOESy spectra in Figure 6.4, where cross-sections for each individual amino acid are

shown. Some of the cross-sections are very close together, with those for Serl l and Vall2

being almost coincident. Ambiguous assignments were conclusively assigned from an

examination of the appropriate regions of the DQF-COSY spectrum.

The amide proton chemical shifts were assigned in sequential order using the NH region

of the NOESY spectrum (Figure 6.4), where the sequential dr.rN NOE cross-peaks are

found. Breaks in the sequence occurred where the chemical shifts of adjacent residues

were very close. For example, the cross-peak from Glyl5 (7.S0 ppm) to Leul6 (7'82 ppm)

occurs too close to the diagonal to be seen as a distinct peak.

The 'C resonances were assigned using an HSQC experiment, specifically the üllVal3c

region. The C'resonances were assigned from an HMBC spectrum using the correlations

between NH, aH and pH protons to the C' l3C carbons. Table 6-4 presents a summary of

all the lH resonances, as well as the Ca and C' l3C chemical shifts.
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Table 64 1H and ttC-NMR chemical shifts for citropin 1.1 in TFE/H2O (1:1 by volume), pH2.25,

ái"ä Ãl tH'ass'gnments are slown whereas only ac and c' ttc resonances are indicated; n.o.,

not observed.

hemical
Residue NH cr-CH 0-cH Others c[-

Phe3 8.28 4.35

Glyl
Leu2

Asp4
ValS

1le6

n.o.
8.61

7.66

7.48

7.94

44.9
57.0

170.5
177.2

4.38
3.68

3,64

1.57

3.13

2.94

2.33

1.86

55.6

65.3

64.0

176.9

176.7

176.9

4.03, 3.90
4.13 y-CH 1.57

õ-cH3 0.92, 0.86

H2,67.23
H3,5 7.34
H47.29

y-CHg 1.04, 0.95

y-CHz 1.67 , 1.22

1-CH3 0.91

õ-cH3 0.83

y-CHz 1.47 , '1.35

ô-cH2 1.66

e-CH2 2,90

e-NH3* 7.57

y-CHz 1.59, 1.32

õ-cH2 1.75, 1.67

e-CH2 2.94,2.86

s-NH3* 7.60

y-CHs 1.05, 0.95

y-CHs 1.07,0.97

y-CHz 1.59, 1.32

y-CH3 0.94

ô-cH3 0.83

59.4 177.6

LysT 7.91 3.91 1.77

LysB 7.66 4.13 2.14,2.03

s8.6 178.5

58.0 178.3

Val9
Ala10
Serl1
Yal12

lle13

Gly14
Gly15
Leu16

8.55

8.84
7.88

7.89

8.30

8.22
7.80
7.82

3.60

4.04
4.29

3.94

3.97

66.0

54.2
60.3
64.5

62.8

42.3
44.4
54.3

177.5

179.9
175.0

178.2

177.6

174.6
173.8
'179.6

3.99, 3.90
4.08, 3.93
4.33

2.18

1.48
4.13,4.06
2.30

1.97

1.79 y-CH 1.61

ô-cH3 0.93, 0.88

coNH2 7.29,6.77
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6.2c Secondary Shifts

Secondary shifts (i.e., the chemical shift difference from random coil values, Àõ),

smoothed over a window of n : +2 residues 1246], were plotted against amino acid

sequence for the aH, oC and C' resonances. The random coil chemical shifts, obtained

from the literature, were determined in water 1242,2431(see Section 4'5a)'

Negative Aô values indicate resonances have moved upfield from the random coil

chemical shifts, while positive values indicate downfield shifts. Therefore, the plot for the

*H Âô values shows a distinct upfield shift (Figure 6.5), while those for the l3C Aô values

show a distinct downfield shift (Figure 6.6), except in the vicinity of the N- and C-termini.

005

0

-0,05

EclcL -u'r

E -o.ls
al,

(Ú -uzt
o ^ô.
o6
- {.3

ð -o.ss

-o,A

-0.45
Gt L2 F3 D4 V5 ló K7 K8 V9 A',lo sl I vl2 lì3 Gl4 Gl5 Lìó

Amino acid sequence

Figure 6.5 oH 1H secondary shifts of citropin 1.1 in TFE/HzO (1:1 by volume). Negative values

inãi""i" an upfield shift from tne random coil value, while positive values indicate a downfield shift.

Secondary shifts were smoothed over a window ol n = 12 residues Í2461.
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Figure 6.6 (a) crC and (b) C'13C secondary shifts of citropin 1.1 in TFE/HzO (1:1 by volume).
põsitive valués indicate á downfield shift from the random coil value, while negative values

indicate an upfield shift. Secondary shifts were smoothed over a window of n = +2 residues t2461.

The directions of the deviations from random coil chemical shift values are consistent with

the peptide having a helical structure along its lengfh 1244i. Helicity is maximal in the

central region and less defined at the N- and C-termini. The lack of structure, or flexibility,

at the ends of the peptide is expected as the first and last four residues of an c¿-helix are

not as involved in the hydrogen bonding network and are therefore less likely to be in a

helical structure.
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6.2d Amide Secondary Shifts

Figure 6.7 reveals a periodic variation in the magnitude of the NH Aô values over 3-4

residues. The NH resonances from hydrophobic residues are generally further downfield

than those from the hydrophilic residues. This type of pattem is characteristic of

amphipathic a-helices and is thought to be due to differences in the strength of hydrogen

bonds on either face of the helix Í245,2481(Section 4.5a). The hydrogen bonds on the

hydrophobic face are shorter than those on the hydrophilic face, resulting in slight

curvature of the helix. The curvature of citropin 1.1 may not be significant, however,

because of its short length.

0.8

Gì L2 F3 D4 V5 Ió K7 K8 V9 AIO Sì ì V'I2 II3 GI4 GIs Lìó

Amino acid sequence

0.0

E 0,4
ÊÈ
Ë o.z

6
èaEutt
Ê
o
E 02
o

î -0.¿
z

-0.ó

-0,8

Figure 6.7 NH 1H secondary shifts of citropin 1.1 in TFE/HzO (1:1 by volume)...Positive values

inðicate a downfield shift fóm the random coil value, while negative values indicate an upfield

shift. The secondary shifts were left unsmoothed. Hydrophilic residues [67] are indicated by open

symbols.

6.2e NOE Connectivities

A summary of the various types of NOEs found in the NOESY spectrum for citropin 1.1 is

shown in Figure 6.8. Here, the series of strong dr.rN NOEs seen already in Figure 6.4 is

indicated, as well as a string of weaker dNN(i,i*z) NoEs that are present in the NH to NH

region of the NOESY spectrum at a lower contour level. In addition, a number of
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sequential dc.r.¡ NOEs occur, as well as a series of NOEs from residues three and four

amino acids apart (dau(i,¡+¡), d(tþ(i,i+3)and do¡¡(i,¡*¿¡). Taken together, the observed NOEs and

their intensities are consistent with citropin 1.1 having a helical structure the

majorþ of its sequence (see Section 4.5b). No long-range NOEs were observed,

the peptide is monomeric.

t5
GG L

*##

l0
KKVASVt6

GLFDV

d**

3leNHcH

d**¡,,*r¡

* # #5.6 # # # * * # # #

rlllnlrrmrullIrmrunr rtflfltr

dor I-

dctt¡t,t+r¡

4"¡,,,*.¡

4p¡',,*.¡

Figure 6.g A summary of NOEs used in structure calculations for citropin 1,! ¡ 1;1 TFE/HzO (by

votumet. The thickness of the bars indicates the relative strength of itre NOEs (strong ' 3,1,4,

,åä¡ri i.i¡;Ã 
"iweak 

t3.74). Grey shaded boxes represent NoEs that could not be

,nãrUiguorsly assigned. S-triped boxes ould not be observed due to

proximi[ to t¡re diagonal. tJ**o" values ]e. Asterisks (*) indicate no

boupting constant wãs detecte4 while s coupling constant could not

be reliably assigned due to overlap'

6.2f Coupling Gonstants

Also shown in Figure 6.8 are the 3huon values, determined from the NH region of a high-

resolution lD lH spectrum. Ten of the 3Jnuos coupling constants could not be reliably

determined due to overlap, while splittings were not resolved for the remaining NH

signals. Only one 'J*no" value could be measured precisely - that of Val5. Nevertheless,

its value of 5.6 Hz is consistent with a-helical structure'

6.2g Structure Galculations

After assignment of the entire NOESY spectrum (mixing time : 150 ms), the volumes of

the cross-peaks were converted to distance restraints using the method of Xu et al.12661

(Section 4.6a). This procedure generated a total of 230 distance restraints. Of these, 133
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were intra-residue restraints, t0 *n.t"rotäK*t1 
lt'tll) 

restraints and 47 were medium

range restraints (i,i+3 and i,i+4). TvËï¡isix of the distance restraints were ambiguous.

Sum-averaging was employed in the calculations to account for these. Five dihedral

-Results- Chapter 6

restraints were used.

The conclusions derived from examination of the NMR spectral data were confirmed by

the structural calculations. Sixty structures were generated by RMD and dynamical SA

procedures (Section 4.6e). The 20 structures of lowest potential energy were chosen for

examination and the X-PLOR energies for these structures are shown in Table 6-5. The

final structures had only minor deviations from idealised covalent geometry (< 0.05Ä for

bonds and s 5o for angles and impropers) and there were no distance restraint violations

greater than 0.34 Ä,.

Table 6-5 Structural statistics of citropin 1.1 following RMD/SA calculations. <SA> is the ensemble

of the 20 final structures, (SA) is the mean structure obtained by best-fitting and averaging the

kbone atoms (N, aC and c') of the 20 final structures and (sA)' is^the

obtained after restrained energy minimisation of the mean structure (SA)'

r'è tno." with angular order parámeters (S) > 0.9. For citropin 1.1 , residues

Leu2 to Glyl5 were well-defined.

XPLOR energies (kcal.mol-1) <sA> (sA),

ELtd

E*o
Emgt"

Eirprop",

ELvdw

ENoe

ÉLcdih

50.62 t 2.37

2.98 t 0.18

15.60 r 1.01

1.90 t 0.42

6.75 r 1.03

23.39 t 1.48

0.01 t 0.01

46.19

2.66

13.85

1.27

5.09

23.32

0.00

RMSD from mean geometry (A)

All heavy atoms

All backbone atoms (N, crC, C')

Heavy atoms of well-defined residues

0.87 r 0.16

0.56 t 0.16

0.72 t 0.13

0.37 t 0.14Backbone atoms (N, aC, C') of well-defined residues

The superimposition of the 20 lowest energy structures over the backbone atoms (N, aC

and C') of the well-defined residues shows that citropin 1.1 forms a regular a-helix along

its length (Figure 6.9). The greater deviation of the backbone atoms at the helix termini

indicates increased flexibility in these regions. The RMSD was 0.37 Ä for the backbone
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atoms of the well-defined residues and 0.56 Ä. for the entire peptide backbone. Further

statistics are listed in Table 6-5.

GLY I, LEU 16

Figure 6.g The 20 most stable calculated structures of citropin 1.1, superimposed along the

Oa-ctbone atoms (N, crc and C') of the well-defined residues (2-151. This picture was prepared

using the program MOLMOL [346].

Analysis of the angular order parameters (S, Q, and V) of the 20 final structures indicated

that, except for the N- and C- terminal residues (Gtyl and Leul6), all residues were well-

defined (S > 0.9 for both their $ and V angles). A Ramachandran plot of the average

0 and ry angles of the well-defined residues, shows that these angles are distributed within

the favoured region for a-helical structure (Figure 6'10)'

(0)

Figure 6.10 Ramachandran plot of citropin I .1 showing that all of the residues fall in the favourable

,."iion for cr,-helices (A). The allowable a.nd generous regions for cr-helices are labelled as 'a' and
i-ã;-respectivety. Glyciîe residues are indiðated by triangles, while the remaining residues are

indicated by circles.
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The most energetically stable of the 20 calculated structures is shown in Figure 6.11. This

representation shows that citropin 1.1 forms an amphipathic o-helix, with well-defined

hydrophobic and hydrophilic faces. The structured peptide was found to have a length of

around 20 Ã.The amphipathicity of the peptide can be seen more clearly in the axial view

(Figure 6.l l (b).

Figure 6.11 The most stable structure (lowest potential energy) of citropin 1'1 (a) shown from the

siãe and (b) along the helix axis. The hydrophilic groups are shown in blue'
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6.3 Aurein 1.2

6.3a NMR Studies - Trifluoroethanol Titration

A rH NMR TFE solvent titration was carried out on a sample of aurein 1.2 to find a

solvent system suitable for structure studies. For 0-40% TFE (by volume), a doubling of

resonances was observed, indicating aurein 1.2 adopts two distinct conformations in these

mixtures. Presumably, this is due to an equilibrium between a random coil conformation

and a structured form. At 50% TFE and above, resonance doubling was not observed,

suggesting a single conformation was predominating.

In general, the chemical shifts increased with increasing amounts of TFE. This can be seen

in Figure 6.12, which shows these changes for selected oH resonances. A clear plateauing

of the chemical shifts is not observed, however the largest changes occurred ovet 20'50o/o

TFE. A NOESY spectrum was obtained at70%o TFE/HzO, which indicated aurein 1.2 was

structured in this solvent system. Thus, this solvent was judged to be a suitable system for

NMR structural studies on aurein 1.2.

4.7 Phe13
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Phe3
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lle5

lleo
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3.5
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oloTFE
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Figure6.12Chemical shiftvariationof selectedaurein 1.20,H resonancesasafunctionof TFE

coîCentration (by volumà¡, 
"t 

Ooo MHz. ln cases where resonance doubling was observed, the

upfield resonance is indicated'
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6.3b Assignments

The proton chemical shifts of awein 1.2 were assigned as for citropin 1.1. These

assignments are indicated in Figure 6.13, where parts of the NOESY and TOCSY spectra

are shown. aC and çr 13ç resonances were assigned from the HSQC and HMBC spectra,

respectively. A summary of all the lH resonances and the oC and C' l3C chemical shifts is

given in Table 6-6.
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Figure 6.13 partiat NOESY (mixing time = 150 ms) and TOCSY (70 ms spin-lock time) spectra of

aurein 1.2 in TFE/H2O (lOy" te by volume) at pH 2,04, 25oC. Vertical lines connect the

resonances in each siin system. Thesé are rabeiled with the standard single-letter abbreviation for

the residue gpe and a númber indicating the sequential position of the residue. NOEs between

sequential NH protons are indicated in the NOESY spectrum'
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Table 6-6 rH and ttC-NMR chemical shifts for aurein 1.2 in TFE/H2C (70o/o 
-T"fe 

¡V volume), pH

2.O4, 25.C. Al 1H assignments are shown, whereas only the aÇ and C' '"C resonances are

indicated; n.o., not observed.

Residue Chemical sh¡ft
NH a-CH H Others c[-

Phe3 8.16 4.36

Leu2

Ala10
Glu11

Ser12
Phe13

7.72

7.49

4.41

3.84

55.4

63,1

176.1

175.9

n.o. 4.04,
8.52 4.17 1.60

3.17

2.98,2.90
2.15

y-CH 1.60

ô-cH3 0.97, 0.90

H2,67.25
H3,5 7.36
H47.3',1

56.9
169.8
176.6

59.3 175.4

lle5
Asp4

lle6 7.86 3.70 1.92

LysT 7.95 3.92 1.80

LysB 7.55 4.10 2.12,2.06

lle9 8.41 3.70 2.09

T-CHz 1.69, 1.25

y-CH3 0.99

õ-cH3 0.92

y-CHz 1.67, 1.29

y-CH3 0.96

õ-cH3 0.88

T-CHz 1.49, 1.39

õ-cH2 1.70

e-CH22.97

e-NH3* 7.53

y-CH21.54, 1.38

ö-cH2 1.79,1.74

e-CH2 3.00

e-NH3* 7.57

y-CH21.89, 1.13

y-CH3 0.97

ô-cH3 0.88

63.9 176.4

58.7 176.8

57.8 178.5

64.5 177.7

8.82

8.30

7.96
7.85

4.10
4.18

4.34
4.63

54.3

56.5

59.5
57.1

179.5

176.4

173.0
177.6

1.55

2.30,2.23
3.92,3.76
3.31, 3.05

T-CH3 2.78,2.61

H2,67.26
H3,5 7.38
H47.32
coNH2 7.28,6.78
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6.3c Secondary Shifts

plots of the secondary shifts (i.e., the chemical shift difference from random coil

values, Âõ) versus amino acid sequence are shown for the olH, aC and C' resonances in

Figures 6.14 and 6.15. The plot for the oH Aõ values shows distinct upfield shifts, while

those for the t3C resonunces show distinct downfield shifts, except in the vicinþ of the N-

and C-termini. These deviations from random coil chemical shift values are consistent

with the peptide having a helical structure along its length, with maximal helicþ in the

central region and less defined structure at the N- and C-termini 1244,3471'
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Figure 6.14 sH rH secondary shifts of aurein 1.2 in TFE1H2O (71o/o TFE by volume). Negative

values indicate 
"n 

uøÈfo th¡ft frorn the random coil value, while positive values indicate a

downfield shift. Secondary shifts were smoothed over a window of n = t2 residues 12461'
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Figure 6.15 (a) aC and (b) C'13C seconlqry shifts of aurein 1.2 in TFE/H2q (70% TFE by volume)'

põsitive valùes ¡no¡cãtè ã downfietd shifi from the random q il value, while negative values

indicate an upf¡eld shift. Secondary shifts were smoothed over a window of n = +2 residues 12461'

6.3d Amide Secondary Shifts

The NH Äô values are plotted in Figure 6.16, showing a 3-4 residue periodic variation.

The Aõ values for the hydrophobic residues are generally more positive than those of the

hydrophilic residues, reflecting the different electronic environments of the two residue

types and suggesting that aurein 1.2 forms an amphipathic s-helix 1245, 2481. The
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variation may be due to stronger hydrogen bonding on the hydrophobic face, resulting in

slight curyature of the helix. For a peptide as short as aurein 1.2, however, this curvature is

probably not significant.

F3 D4 15 ló K7 K8 19 Al0 Eìl sl2 Fl3

Amino acid sequence

0.8

0.ó

^ 0,4
EèÉL ^^

Eul 0
ào
Eoz
oooo -o.a
I
¡z -u.o

-0.8

L2Gì

Figure 6.10 NH 1H secondary shifts of aurein 1.2 in TFE1H2O (70Yo TFE by volume)' Positive

u"ïr", indicate a downfield s-h¡ft from the random coil value, while negative values indicate an

upfield shift. The secondary shifts were left unsmoothed. Hydrophilic residues [67] are indicated

by open symbols.

6.3e NOEConnectivities

Figure 6.17 shows a summary of some of the more diagnostic NOESY cross-peaks found

for aurein 1.2. Astring of strong dr¡N(¡,¡*t) is present (see also Figure 6'13) as well as a set

of weaker d¡¡u(i,¡*z) NOEs. Sequential dcrN(i,i+t) NOEs also occur' as well as a series of

NOEs from residues three and four amino acids apart (dcrN(i,i+3)' da9$'i+3) and do¡1¡'¡aa¡)'

These NOE signals and their intensities are consistent with aurein 1.2 having helical

structure along the majority of its sequence. No long-range NOEs were found, suggesting

that aurein 1.2 does not form dimers in this solvent system.
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6.3f GouplingGonstants

Also shown in Figure 6.17 are the 3JNHon values obtained from the NH region of a high-

resolution lD lH spectrum. The splitting was not resolved for one NH signal, while four

of the NH signals were overlapped, such that the coupling,î:X.j*O could not be reliably

determined. Seven 'J*"on values could be measured, allnof which were less than 6 Hz'

These values are all consistent with cr-helical structure'

6.3g Structure Calculations

The volumes of the NOESY cross-peaks (mixing time : 150 ms) were converted to

distance restraints l266l.This procedure generated a total of 257 restraints, which included

129 intra-residue, 49 sequential (i,i+l) and 6l medium range restraints (i,i+3 and i,i+4¡'

Eighteen of the distance restraints were ambiguous. Eight dihedral restraints were also

used.

Sixty structures were generated by RMD and dynamical SA procedures (Section 4'6e)'

The 20 structures of lowest potential energy were chosen for examination and some

statistics for these structures are shown in Table 6-7.The final structures had only minor
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deviations from idealised covalent geometry (< 0.05Å for bonds and < 5o for angles and

impropers) and there were no violations of the distance restraints greater than 0.33 Ä"

XPLOR energies (kca l.mol ) <sA> (sA)

Table 6-7 Structurat statistics of aurein 1.2 following RMD/SA calculations. <SA> is the ensemble

of the 20 finat structures, (SA) is the mean struciure obtained by best-fitting and averaging the

coordinates of the nacroone atoms (N, cr,C. and C') of the 20 final structures, (SA)' is-the

representative structure obtained after restrained energy minimisation of the mean structure (sA)'

well-defined residues are those with angular order parameters (s) > 0'9. For aurein 1'2, residues

Leu2 to Ser12 were well-defined.

ELlcl

E*o
E*n,"

Eirprop.,

ELvdw

EHoe

ELcdih

28.57 t1.24
2.16 t 0.15

10.24 x0.76

1.95 t 0.39

1.80 t 0.36

12.41t0,97

0.01 t 0.01

29.29

2.09

8.42

1.03

2.36

15.39

0.00

RMSD from mean (A)

All heavy atoms

All backbone atoms (N, aC, C')

Heavy atoms of well-defined residues

0.82 t0j2
0.34 t 0.11

0.69 r 0.09

0.18 t 0.07Backbone atoms (N, aC, C') of well-defined residues

The superimposition of the 20 lowest energy structures over the backbone atoms (N, oC

and C') of the well-defined residues shows that aurein 1.2 forms a regular a-helix along its

length (Figure 6.lS). The helix termini show greater variability as expected. The RMSD of

the backbone atoms of the well-defined residues from the mean coordinates was 0.18 Å,

while that for the backbone atoms of the entire peptide was 0.34 Ä. Further statistics for

these structures are given in Table 6-7.

PHE 13

GLY 1

Figure 6.18 The 20 most stable calculated structures of aurein 1.2, superimposed along the

backbone atoms (N, øC and c') of the well-defined residues (2-12). This picture was prepared

using the program MOLMOL [346].
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Analysis of the angular order parameters (S, Ö and ry) for the 20 final structures showed

that, with the exception of the N- and C- terminal residues (Glyl and Phel3), all residues

were well-defined (S >0.9 for both their $ and V angles)'

A Ramachandran plot of the average 0 und r1r angles for the well-defined residues shows

that these angles are distributed within the favoured region for a-helical structure (Figure

6.1e).

Figure 6.19 Ramachandran plot of aurein 1.2 showing that all of the residues fall in the favourable

'"õ¡on 
for cr-helices (A). The allowable and generous regions for ø-helices are labelled as 'a' and

'-a' respect¡vely.

The most energetically stable of the 20 calculated structures is shown in Figure 6.20. This

representation shows that, like citropin 1.2, aurein 1.2 forms an amphipathic cr-helix, with

well-defined hydrophobic and hydrophilic faces. This amphipathicity is shown more

clearly in Figure 6.20 (b) - a longitudinal view through the centre of the helix. The length

of cr,-helical aurein 1 .2 was found to be around 16Ä"
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Figure 6.20 Side view (a) and axial view (b) of aurein 1.2 (energetically most stable structure)' The

hydrophilic groups are shown in blue.
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6.4 Orientation Studies

6.4a Oriented Gircular Dichroism - Unoriented Vesicles

The CD spectra for citropin 1.1 and aurein 1.2 in aqueous solution and in the presence of

DMPC vesicles are shown in Figure 6.2l.The spectra of the aqueous peptides are typical

of those of random coil structures, while those of the vesicle samples show peaks at

190 nm and minima around 210 and 222 nm, characteristic of cr-helical structure. Thus, it

appears that the unstructured peptides bind to the lipid vesicles where they acquire a-

helical structure.

As the L/p ratio increases (i.e.. the peptide concentration decreases) the CD spectra have

around the same intensity, indicating that the same proportion of peptide is bound in each

case. This means that maximal binding is occuring in all samples and the vesicles are not

becoming saturated at higher peptide concentrations. If saturation were occurring, the

excess peptide would remain in the aqueous phase, increasing the proportion of random

coil structure.
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Figure 6.21 CD spectra of (a) citropin 1.1 and (b) aurein 1.2.in water, as well as in DMPC small

un'Ílamellar vesicles (SUV) at L/P ratios of 15:1, 50:1 and 100:1'

6.4b Oriented LiPid BilaYers

The CD spectra of oriented lipid bilayers were recorded atLlP ratios of 100:1, 50:1 and

15:1. Unfortunately, the spectra from samples with a LIP ratio of 100:1 were not of

sufficient intensity to be reliably interpreted. The cD signal for these samples had very
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low ellipticity (mdeg) such that it was comparable to the DMPC btank spectrum' The l5:l

and 50:l samples, however, gave signals strong enough for interpretation'

To test the qualþ of the bilayer alignment of these samples, CD spectra of the sample and

the sample rotated by 180' along its long axis were compared. These spectra are shown in

Figure 6.22 forthe citropin l.l sample (L/P 15:1). It can be seen that the two spectra have

a very similar line-shape and intensity. Hence, the bilayers seem to be uniformly aligned

and the spectra are not distorted by artifacts.

10

0

-GitropinL/P 15:1

-Samplerotated
1 80'ctq,

It
E

(J

.s
t¡¡ -10

-20
185 195 205 215 225 235 245 255

Wavelength (nm)

Figure 6.22 CD spectra of citropin 1.1 in oriented DMPC bilayers, at a UP ratio of 15:1' The

sp-ectra were acquired on the same sample rotated through 180''

The CD spectra for the oriented samples, following subtraction of the DMPC contribution,

are shown in Figure 6.23.The spectra are compared with those of vesicles in excess water

at aLlp ratio of 15:1. Since the exact concentration of the peptides in the oriented samples

is not kno,,'n, the units of the oriented spectra could not be converted from ellipticity

(mdeg) to mean residue ellipticity (deg'cm2'dmol-r¡. Instead' the spectra were scaled such

that the intensities of their 222 nm minima were the same as those of the aqueous vesicle

samples.
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Figure 6.23 CD spectra of (a) cjtropin 1.1 and (b) aurein 12-i.n-DMPC small unilamellar vesicles

iSÜùl (UC r S:r ) ånd orientèd'DMPö bilayers, at a L/P ratio of 1 5:1 and 50:1 .

Figure 6.23 shows that, for the oriented samples of L/P 50:1, the intensity of the band

around 210 nm is very similar to that of the unoriented samples. This could mean that for

the higher LIP ratio, the peptides are inserting at a 45" angle, are orienting 50:50

transmembrane/surface or have no specif,rc orientation with respect to the membrane' For

the L/P l5:l samples, however, the band at 210 nm has decreased markedly in intensity

for both peptides. This indicates the peptides are more transmembrane oriented - either by

170



-Results- Chapter 6

their absolute angle relative to the membrane normal, or by the percentage of helices with

a transmembrane orientation.

A measure of the average angle of the peptide to the membrane normal can be obtained by

comparison with reference spectra calculated for different tilt angles, as described by de

Jongh et at. 13051. For the citropin 1.1 spectra, it was found that at aLlP ratio of 15:1, the

tilt angle is approximately 30o from the membrane normal. For the 50:1 ratio, the tilt angle

is found to be around 45". Similarly, the aurein 1.2 tilt angle was found to be around 35"

for the 15:l sample and 45" for the 50:l sample.

The average angle of 45o found for the samples with L/P 50: I indicates that either there is

no preference for a particular orientation or the peptides are all oriented at 45". The angles

of around 30-35. for the l5:l samples mean either all of the peptides are aligned atthis

angle or the proportion of transmembrane oriented peptides has increased substantially. In

either case, it appears that the peptides are more in line with the membrane normal when

the L/P ratio is decreased from 50:1 to l5:1.

6.4c Solid-state NMR - Unoriented Multilayers

To investigate the effect of citropin l.l on the lipid head-groups, 3lP spectra were acquired

on unoriented DMPC multilayers, both with and without the peptide (15:1 L/P ratio).

These spectra are shown in Figure 6.24.

The shape of the spectra was consistent with that expected for uniaxially mobile

phospholipids in randomly oriented lipid bilayers, indicating the integrity of the bilayer is

maintained in the presence of citropin. The 3lP chemical shift anisotropy (CSA, Ao) for

the DMpC sample is -50 ppm, which is reasonable for a pure lipid multilayer sample [309'

3191. The Ao decreased to -40 ppm for the citropin/lipid sample (L/P l5:l), ffi,n.
head-groups are more disordered in the presence of citropin 1.1. This may be due to the

peptide causing an increase in the average area occupied by each phospholipid molecule,

thereby giving the phosphodiester groups greater conformational freedom [319].
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(a)

(b)

60 40 20 0 -20 '40 €0
ppm

Figure 6.24 31p spectra obtained for unoriented DMPC bilayers (a) alone and (b) in the presence

of citropin 1 . 1 , at a UP ratio of 1 5:1 and 26'C.

3tp NMR experiments were repeated on samples that had been refrigerated at - 4oC for

several months and, interestingly, the spectrum of the citropin l'l sample indicated a

substantial proportion of the DMPC was now in an isotropic phase (Figure 6.25). This did

not occur for the control DMPC samples or for citropin 1.1 samples that had been stored

in the freezer and suggests that citropin 1.1 induces non-lamellar phases over time.

60 40 20 0 -20 '40 60
ktÞ

Figure 6.25 3rp spectrum of citropin 1.1 in DMPC at a L/P ratio of 15:1 and 26oC, obtained after

several months ot retütàration. The majority of the isotropic peak has been cut-off in order to show

the underlying Powder Pattern.
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6.4d Mechanically Oriented Multilayers

Aligned bilayer samples of DMPC (alone and in the presence of citropin or aurein (15:1

L/p ratio)) were prepared as outlined in the Experimental (Section 8.5b). To check the

degree of bilayer alignment, a 3lP NMR spectrum was obtained for each sample. The glass

plates in these samples were aranged parallel to the static magnetic field (Bo) of the NMR

spectrometer (Figure 6.26 (inset)). Thus the bilayer normal will be oriented perpendicular

to Bo if the bilayers are well aligned.

The 31p spectra obtained are shown in Figure 6.26. A single sharp peak can be seen in

each of these spectra at similar chemical shift values (-16 to -19 ppm), consistent with

bilayers arranged with the normal perpendicular to B¡ [309] [348].

(a)

(b)

(c)

Bo

1

60 40 20 0 -20 40 -60
pPm

Figure 6.26 3rp NMR spectra of aligned DMPC bilayers (a) alone; (b) with citropin 1.1; and (c) with

",.ir"¡n 
1.2, atup ratios of 15:1 añd ¿0"c. The orientation of the lipid bilayers is indicated in the

inset diagram.

The 3rp NMR peaks for the peptide-containing bilayers (-17 ppm for aurein/DMPc,

-16 ppm for citropin/DMPc) are slightly downfield from that of the DMPC bilayers alone
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(-19 ppm), consistent with a reduction in the 3tP CSA for the peptide/lipid bilayers. The

reduction is greater for citropin l.l than for aurein 1.2, suggesting citropin has a greater

affect on the lipid head-groups.

The 2H spectra obtained from these samples confirmed that the bilayers were well aligned

(Figure 6.27). This is indicated by the well-resolved splittings, which are consistent with

bilayers oriented perpendicular to Bs (Section 5.2d)'

(a)

(b)

(c)

30 20 10 0 -10 -20 -30

klÞ

Figure 6.27 2H NMR spectra of aligned DMPC bilayers (a) alone; (b) with citropin 1.1; and (c) with

aurein 1.2, at UP ratios of 15:1 , 40oC.

The sharp, intense, inner doublet seen in each spectrum is assigned to the metþl

deuterons of the acyl chain termini, as these are the most disordered and their splitting is

averaged to the greatest extent. The remaining splittings are assigned as follows: the first

nine of the doublets are from the deuterons on carbons 13 to 5, such that the smallest

splitting is assigned to carbon 13 and the largest to carbon 5 and assuming a
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monotonically decreasing splitting 13241. Although the two acyl chains are not entirely

equivalent l32gl, the assignment correlates well and the integration of each doublet is

consistent with four deuterons.

The broad peaks at the outer edges of the spectra are due to the overlap of the doublets

from the deuterons on carbons two to four. No attempt was made to slice this peak into

three different splittings. Instead, these deuterons were assigned a single splitting value'

Thus, the assignments are only approximate for some of the deuterium resonances.

The splittings from each of the doublets were measured and converted to carbon-

deuterium bond order parameters [32s] (Section 5.2d). A plot of the order parameters,

sçp, against carbon position is shown in Figure 6.28. It can be seen that the order

parameters for the peptide-lipid samples have decreased, relative to those of the DMPC

sample alone. In addition, the order parameters for the citropin l.l sample are less than

those of the aurein 1.2 sample. These results indicate that the acyl chains are more

disordered in the presence of the peptides - more so for citropin I . I than for aurein I .2'

0.25

0.1

0.05

2 3 4 5 6 7 I 9 10 11 12 13 14

Carbon position

rder parameters (Sco) against acyl chain carbon

d in the presence of aurein (r) or citropin (A),

þo,$-onjcrPorc"n¿{o¡-s ',5 t o'coõ ftc-PÞl
inc^+S coxdoctesJ at tL¿ 5a'¿ oròì€erav.-t

175

02

50

ô
út
o
o
E
IE

G
CL

o!t
o
It
tr
o¡¡
ts

=
o
t
o
P
E
o¡¡
Go

0



-Results- Chapter 6

These conclusions are borne out by a quantitative analysis of the splittings. Table 6-8 lists

the changes in quadrupolar splitting as a percentage of the splittings obtained for the

control bilayers. The decrease in order parameters for both peptide samples shows a

greater change for citropin 1.1. The change in splittings for aurein 1.2 ranges from -5% to

-l2yo,whereas that for the citropin l.l sample ranges ftom -9o/oto -l4Yo (the negative sign

indicates a decrease).

Table 6-g 2H quadrupolar splittings measured for DMPC bilayers both alone and in the presence of

"ii.p¡n 
1.1 or'aurein 1.2 ata 15:-1 molar ratio and the percentage difference between the splittings

for the peptide samples and the control DMPC multilayers'

2H QuadruPolar SPlittings (^v) for % change from DMPG

alone

Garbon
Position

DMPC bilaYers (kHz)

DMPC DMPC+ DMPC+

GitroPin l.l Aurein 1.2

DMPC +

Gitropin l.l
DMPC +

Aurein 1.2

2

3

4

5

6

7

I
I
10

'|'1

12

13

14

25.6

25.6

25.6

24.1

23.3

21.1

19.3

17.0

15.9

'14.4

12.5

10.6

3.0

23.4

23.4

23.4

21.7

21.2

18.4

16.7

14.9

13.7

12.6

10.8

9.4

2.7

24.3

24.3

24.3

22.5

2'1.3

19.0

17.2

15.2

14.0

12.8

11.0

9.5

2.7

-9

-9

-9

-10

-9

-13

-14

-12

-14

-13

-14

-11

-10

-5

-5

-5

-7

-9

-10

-1'l

-1',|

-12

-10

-12

-10

-10

The change in disorder tends to be greater at the ends of the acyl chains, suggesting the

peptides induce more disorder in the bilayer centre than at the hydrocarbon-water

interface. However, at the chain ends the difference in splittings is of the order of 0.3 kHz

(cf. 2.2 kHz near the head-group) and is more diffrcult to determine due to the inherent

linewidths.
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l5N NMR spectra were acquired for citropin l.l and aurein 1.2 as dry powders. These

peptides both incorporated lsN-alanine at position 10. Experiments were conducted under

static, as well as magic angle spinning conditions, and the spectra obtained are shown in

Figure 6.29.The assignments of the principal elements of the chemical shift tensor are

indicated on the static spectra and these values are consistent with the isotropic chemical

shifts (ôiro : l/3(o1 1+o22+o33)).

6zz

+ Jo

6zz

olt 11
(a)

400 300 200 100

ppm

ð.o

+

+o33

+

+
(b)

og3

+

o -1oo -2oo 400 300 200

+

100

ppm

0 -100 -200

Fiqure 6.29 15N powder spectra for (a) citropin 1.1 and (b) aurein 1.2.The peptides were labelled

;iih'i.ñ-l;lan¡íe ãiporlt¡on 10. TÈé uppér spectra were acquired on static samples, while the

lower spectra were 
".qrìréo 

on sampleé'spun'rt the magic angle. The principal.elements of the

chemical shift tensor arä indicated (or,,, ozz ârìd o..), âs well as the isotropic shifts (ö¡*)'

l5N spectra for these peptides, when incorporated into mechanically aligned multilayers,

are shown in Figure 6.30. These spectra have low signal-to-noise ratios, despite being run

for over 56000 scans and taking several days to acquire. This is due, in part' to the small

amounts of labelled peptide used (- 5 *g, compared with the 10-45 mg used in similar

experiments by Bechinger et al- 12071and Marassi et al' [154])'
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(a)

(b)

210 10

Figure 6.30 15N spectra of (a) citropin 1.1 and (b) aurein 1.2 in multilayers, at L/P ratios of 15:1 and

35-"C. The peptides were la.belle, with lsN-L-Alanine at position 10.

The l5N peaks in Figure 6.30 are broad and occur at a chemical shift of around 100 ppm

for each peptide. These values are close to ô¡se (Figure 6.29), suggesting the peptides may

be reorienting isotropically in the water layer. However, if this were the case the peaks

would be narrower, assuming that peptide motion between the multilayers is not restricted.

Further evidence that the peptides are not reorienting in the water between the bilayers

comes from similar experiments undertaken with bicelles. The lsN spectrum (Figure 6.31)

for aurein 1.2 \n bicelles also gave a broad signal at -100 ppm' suggesting it was not

isotropically tumbling in the excess water space (unpublished data obtained in

collaboration with Assoc. prof. F. Separovic, University of Melbourne). Furthermore, the

CD and 3rp and 2H NMR results indicated that both citropin l.l and aurein 1.2 interact

with the lipid bilayer.
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210 10

Figure 6.31 lsN spectra of aurein 1.2 in DMPC/DHPC bicelles (3:1), at a UP ratio of 15:1, 35'C.

TÑe peptide was läbelled with rsN-L-Alanine at position 10.

Due to the low signal-to-noise ratio, it is difficult to draw a conclusion about the peptide

orientation. However, it seems unlikely that the peptide is oriented on the surface of the

bilayers because the 15N spectrum does not have the expected catenary line-shape (Figure

6.32). This pattern is predicted since surface-bound peptides would orient at a range of

angles to Be (0-90o) when the membrane surface is parallel to Bo. $çç^nve'r,c^:r"¡rfo.ce

or,cr.to,&o-r 6<,c,tdo",,l3bz rulad osl ær'rpløfcrr b "¡t*^inc¡4. 
spøctrc.n a;tl-' itnPror'¿d

Si¿not-fo-r.cf=c-

(a)

-180 ppm

Figure 6.32 (a) Catenary spectrum expected for
oriented as in (b), with the membrane normal per

indicated in (b) by cylinders, are arranged at ma

of the bilayer and peptides are coloured gree

regions are coloured yellow and red.
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A transmembrane orientation would result in a lsN peak at around 60 ppm, provided the

r5N CSA is identical to that of the peptide powder. No peaks were evident in this region of

the l5N spectra for either peptide.

The CSA can be reduced significantly if the peptide is subject to motional averaging

ll¿2,l53l. Alamethicin in lipid bilayers, for example, has a reduced ttN CSA compared

to the pure peptide, due to fast uniaxial rotation about the helix long æ<is [123]. With

increased motion, the chemicat shifts of the 0o and 90" orientations shift upfield and

downfield respectively. However, a l5N shift around ô¡ro would only occur if the motion

were almost isotropic or the peptide was oriented close to the magic angle, relative to Bo.

Obliquely oriented peptides have been detected recently by solid-state NMR [333' 349]

and other techniques [350, 351] so it is possible that citropin 1.1 and aurein 1.2 also adopt

oblique orientations. Altematively, the peptides may be rapidly reorienting on the NMR

time-scale, while bound to the lipid bilayer. Although such motion may seem unlikely,

since rotation must take place about the radial axes (i.e., perpendicular to the long axis),

there is evidence that motion of this kind can occur. For example, both the surface-bound

peptide ovispirin and the oblique oriented M2-TMP, from the influenza A virus, have been

shown to undergo rapid motion about the bilayer normal 1333,3491.
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6.5 Discussion

The results of the solution NMR studies presented in Sections 6.2 and 6.3 indicate citropin

1.1 and aurein 1.2 form essentially linear amphipathic o-helical structures inmixtures of

TFE and Hzo. TFE acts as a membrane mimickintüå¿Ëåår promoting the formation of

intramolecular hydrogen bonds within the solute P+15) so it is anticipated that the

structures determined here persist in a bilayer environment. This is supported by the

results of the CD experiments, which show the peptides are unstructured in water alone

but adopt cr,-helical structures in the presence of DMPC vesicles.

Citropin I .1 was found to be around 20 Å in tength in TFE/HzO, while aurein 1.2 had a

length of around 16 Ä.. Since the hydrophobic core of a membrane is typically 30 Ä [129,

185], these peptides are not long enough to form barrel-stave type channels' It is

conceivable, however, that the peptides could form toroidal model pores if the bilayer

lipids are capable of stabilising the ends of the shorter pores.

Solid-state NMR studies were used to investigate the effect of citropin 1.1 and aurein 1.2

on DMpC bilayers. The 3rp NMR results on unoriented DMPC bilayers suggest the lipids

remain in the bilayer phase when citropin 1.1 is present but the CSA is significantly

reduced due to increased motional averaging. This implies that citropin 1.1 interacts with

the bilayer in the region of the lipid headgroups.

Citropin l.l was also found to induce the formation of an additional isotropic phase of

DMPC when stored at - 4oC for a long period of time. Bechinger et al., [352] have

previously reported that magainin also induces an isotropic phase in phosphatidylcholine

bilayers under certain conditions. This is compatible with the latter stages of the carpet

mechanism, where the membrane structure disintegrates and segments break off as

micelles [152] (Section 3.2d). However, Hori et at.13531have suggested it could also be

indicative of a toroidal mechanism (Section 3.2c) since the phospholipids involved in the

pore structures should also give rise to an isotropic signal'

Both citropin Ll and aurein 1.2 were found to decrease the order of the lipid acyl-chains

in oriented samples, with the disorder greater toward the centre of the lipid bilayers.
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A similar effect has been reported for surface oriented peptides 1332, 3331- The peptides

are thought to insert into the lipid-water interface and laterally separate the lipids. The acyl

chains now have greater spatial freedom, particularly in the hydrophobic core of the

membrane, and thus are more disordered 13321. The change in order for these peptides was

greater, however, than that found here for citropin 1.1 and aurein 1.2.

peptide orientation was investigated using both rsN solid-state NMR and OCD. The OCD

studies indicated that at a LIP ratio of 50:1, neither citroni5r*l]335 aurein l'2 had a

preferred orientation in the membrane. As the LIP ratio was iûcrcan€d to 15:1, however,

the peptide helices were found to orient at an average angle of 35o to the membrane

normal. Thus, as peptide concentration increases, the peptides move towa¡d a

transmembrane orientation. It is not known, however, whether all the peptides orient at

this angle or whether a mixture of transmembrane and surface oriented peptides is present

because the angle determined by OCD is an average'

While the lsN spectra obtained for citropin l.l and aurein 1.2 were poorly resolved, they

did allow certain possibilities to be eliminated as the results were not consistent with either

a surface or transmembrane peptide orientation. Instead, the peaks observed were centred

around ô¡5s, sgggesting the peptides were either reorienting almost isotropically between

the lipid bilayers or had orientations close to the magic angle (54.7"), relative to the

extemal field. Since the oCD results indicated the peptides had a preferential orientation,

it seems more likely that the peptides are ruranged obliquely, with an average angle of 35o

to the bilayer normal. The l5N spectra are more consistent with this scenario than with

either the transmembrane or surface orientations, particularly if the peptides undergo

additional motional averaging.

A number of peptides have previously been shown to have a tilted orientation in lipid

bilayers [349-351]. This is thought to occur because of asymmetry in the distribution of

hydrophobic residues along the helix long axis i.e., there is a hydrophobicþ gradient'

These peptides insert at an angle around 30-60'to the lipid-water interface [354].

The N-terminal half of citropin 1.1 (residues l-8) is signifìcantly more hydrophilic than

the C-terminal half (9-16) because all of the charged groups are in this portion. Serll is
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the only hydrophilic residue in the C-terminal half. This could explain an oblique

orientation for this peptide. Aurein 1.2, however, has a more even distribution of

hydrophobic and hydrophilic residues along the length of the peptide. This is consistent

with the OCD results that indicated aurein 1.2 had a greater average angle to the

membrane normal than citropin 1.1. Nevertheless, an oblique orientation for aurein 1.2 is

surprising. An altemative explanation is that both citropin l.l and aurein 1.2 partially

insert into the membrane because of their high concentration in the bilayers. This would

be consistent with the carpet model, where peptide insertion occurs once a threshold

concentration is reached [3a3].

Taken together, the evidence suggests that the unstructured peptides bind to the

membrane, inducing a conformational rearrangement to an o-helical structure. At aLIP

ratio of 50:1, the peptides are randomly oriented with respect to the bilayer, with an

average orientation of 45o. As the peptide concentration increases, the average orientation

of the helices approaches a transmembrane orientation, compatible with the latter stages of

the carpet mechanism [343].

Interpretation of the lsN spectra was limited by the poor signal-to-noise ratios obtained,

despite running the experiments over a number of days. To obtain a clearer indication of

the peptide location, the sensitivity of the experiments must be improved. Since l5N is an

inherently insensitive nucleus, the experiments were conducted at the highest freld-

strengths accessible (50.69 MHz). Unfortunately, cross-polarisation (CP) was not

available with the probe used. Attempts to acquire spectra at a lower field-strength (30.4

MHz) using Cp were unsuccessful. This is probably because the peptide is too mobile in

the fluid-phase bilayers, resulting in inefficient cP [207] since the same experiments were

successful for the dry peptide powders.

In addition, Cp parameters for l5N can be difficult to optimise because of the length of

time it takes to obtain a ttN signal. It may be possible, however, to optimise the

parameters by maximising the lH signal obtained from magnetisation transferred from

l5N, instead of the other way around, and using these settings to obtain l5N spectra t3551'
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peptide mobility could be detected by obtaining r5N spectra for unoriented bilayer

samples. A reduced CSA would imply motional averaging. If the peptides are indeed

rotating isotropically, a single peak at ôiso would be expected. A greater amount of sample

would be required to get a satisfactory signal-to-noise ratio for these fluid phase

experiments. Altematively, the l5N experiments on oriented samples could be repeated at

low temperatures, below the gel-to-liquid crystalline transition temperature. Peptide

motion would be frozen at this temperature making CP more efficient. If the peptides are

oriented, the r5N spectrum would be similar to that found in the fluid phase but if the

peptides have random orientations, a powder patteyr would be expected.[333, 356].Ho^'a'<r,

,r,rpo.siblo"oo^*p"flrd¿r¡i\((À; ^d.Gra+ cnian4aÌ,or. af +.¿ to"rrlcnçero+urc-

It would also be informative to attempt the lsN NMR studies on samples aligned with the

membrane normal parallel to the external field. If the peptides were reorientating

isotropically, no chemical shift change would be expeoted. However, if the peptides were

arranged around an average angle of 35o to the bilayer normal, the chemical shift of the

peak would shift downfield from õi.o. In addition, any surface oriented peptide, which may

have been obscured in the samples oriented perpendicular to the field (þ a combination of

broad line-shape and low signal-to-noise), would be expected to give a peak around 60

ppm. Unfortunately, the probes used in the present study did not permit placement of the

glass-plates at this angle.

To further investigate the mechanism of action of these peptides, it would be desirable to

determine the orientation of the peptides at higher LÆ ratios. The OCD experiments were

not sensitive enough to explore L/P ratios higher than 50:1. lsN NMR studies may be

applicable, but to improve the sensitivity it would be preferable to use greater amounts of

labelled peptides than were used in the present study'

It would also be informative to further investigate the induction of isotropic lipid phases

by these peptides. The phase-change induced by citropin l.l was observed after several

months of storage. The time-course of this transition should be explored more fully to see

if it is a biologically relevant effect.

eGe--+
Aurein 1.2 has no"f+"t on erythrocytes at 100 pg'ml--r but inhibits the growth of bacteria

and cancer cells at this or lower concentrations [14]. Since bacterial and cancer cell
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membranes are anionic and those of erythrocytes are neutral, it would be interesting to

determine the structure and orientation of aurein 1.2 and citropin 1.1 in acidic lipid

bilayers. By comparing the results with those determined here for neutral bilayers, we may

gain insight into the reasons behind membrane specificity.

In addition, since neither citropin 1.1 nor aurein 1.2 Æb active against the G- E' coli

bacterium, there may be a diffefence in how these peptides bind and orient when

lipopolysaccharides (LPS) are present in the outer leaflet of the membrane. Relatively few

studies have investigated the interactions between antibacterial peptides and LPS due to

problems obtaining suitable model membrane systems tl73]. However, Matsuzaki et al'

u73] were successful in using CD spectroscopy to determine the structure of magainin in

LpS-containing phosphatidylcholine vesicles. Magainin, which has activity against E' coli,

was shown to form an a-helix in the presence of LPS. Similar studies could be attempted

with citropin l.l and aurein 1.2 to see what structure they adopt in this medium and

whether or not they actually bind to the LPS-containing vesicles.

6.6 Gonclusion

The solution NMR spectroscopy and restrained molecular dynamics calculations indicate

citropin 1.1 and aurein 1.2 form amphipathic o-helical structures in TFE/IIzO - a

membrane-mimicking medium. CD studies show that these peptides are unstructured in

water but bind to DMPC vesicles, where they rearrange to an cr-helical structure' OCD

results suggest these peptides are randomly oriented at low peptide concentrations (L/P

50:l), with an average orientation of 45o, but are oriented closer to the membrane normal

as the peptide concentration is increased (-35"). The results of solid-state NMR

experiments wefe compatible with an average orientation around 35o, however further

experiments are required to exclude other possibilities and to further explore the

membrane activity of these peptides. The current results are most consistent with the

carpet model [343] of antibacterial action'
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Ghapter 7 The Caerin PePtides

7.1 lntroduction

At present, the caerin family comprises over 30 different peptides, isolated from the

dermal secretions of six Australian frog species - I. splendida, L. caerulea, L'

xanthomera, L. gilleni, L. ewingi and L. chloris 123,32,357-3601. Approximately half of

these peptides are antimicrobially active, while the remainder, presumed to be the products

of enzymic degradation, a¡e inactivell2l.

The caerins can be divided into four groups - caerins 1,2,3 and 4, each of which contains

a number of antimicrobially active compounds. The caerin I peptides are broad-spectrum

antibiotics, while the caerins 2,3 and4 are only active against a few of the species tested,

typically Escherichia coli and Micrococcus luteus (unpublished data). The sequences and

antibacterial activþ data for several members of the caerin I family are given in Table

7-1. The sequences and activity data for several synthetic analogues are also presented in

this table.
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Tabte 7-1 Antibiotic activities (MtC, pg.mL-1¡ of selected caerin 1.1 peplides 3ng synthetically

mod¡ied analogues. Values toi tre rryðropnóo¡cityd, hydrophobic moment" and hydrophilic angle

(Q) of the first hélix (residues 1-14) of caerin 1.1 and caerin 1.4 a¡e also indicated'

Caerin Sequence
1.1

1.1D

1.1GP

1.1PG

1.1GG

1.1.1

1.1.3

1.1.5
1.4

GLL SVLGSVAKHVL PHVVPV I AEHL -NH2

Gl I svlGsvakhvlPhvvPviaehl -NH2

GLL SVLG SVAKHVLGHVVPV I AEHL _NH2

GLL SVLG SVAKHVL PHVVGVI AEHL -NH2

GLL SVLGSVAKHVLGHVVGVIAEHL _NH2

L SVLGSVAKHVL PHWPV I AEHL -NH2

VLPHWPVIAEHL-NH2

GLLSVLGSVAKHVLPH-OH
GLLS SLS SVAKHVLPHWPVIAEHL -NH2

Mtc L'1)"

Organism Caerinb

1.1 1.tD 1.1GP l.lPG l.lGG 1.4c

Bacillus cereus

Escherichia coli

Leuconostoc lactis

Listeria innocua

Micrococcus luteus

Pasteurella multocida

Staphylococcus aureus

Staphylococcu s ePidermis

Streptococcus ubens

50 50 100 100 50

1.5

25

12

25

3

12

12

3

50

6

25

6

12

25

12

50

25

50

25

100

50

12

25

12

50

25

100

25

12

50

12

100

25

100

12

50

50

12

100

0.4

25

100

25

100

+1 +1Charge

Helix I ( 1-141

Hd
e

tl
ot

0.16

0.26

1 00'

0.08

0.27

160"

" Where there is no figure listed the MIC value is >100 pg'mL-1'
o Data for caerin 1.1 aìd synthetic modifications are from Wong et al. Í971
" Unpublished data.
o Mean residue hydrophobicity (H) [197]
" Hydrophobic moment (p) per residue [67].
r Hydrophilic angle ($).

Interestingly, the all-D isomer of caerin 1.1 has comparable activity to that of the natural

L-form. This rules out interactions with a specific chiral receptor and is therefore

compatible with the idea that caerin 1.1 targets the bacterial cell membrane.
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The structure of caerin 1.1 has been determined in the membrane mimicking solvent

TFE/H2O [97] (Figure 7.\).lt appears to form an amphipathic a-helical structure along the

length of the peptide, with a region of high flexibility in the vicinity of Prol5. Proline

residues are known to disrupt helical structure because they do not have an amide proton

that can form a hydrogen bond with the backbone carbonyl group four residues previous in

the sequence. Prol9, in caerin l.l, occurs near the start of the second helix so it does not

interfere with helical structure [97].

OH
o

OH

Figure 7.1 Lowest energy structure calculated for caerin 1.1 in TFE/H2O (1:1 by volume) [97]

Replacing either or both of the proline residues with glycine decreases the activity of the

peptide slightly [97]. While glycine residues have an amide proton that can form

intramolecular hydrogen bonds, it is a helix-disrupting residue since it has high

conformational freedom (Section a.6Ð. Thus, the antibacterial activity is reduced but not

wiped out completely. These results suggest the hinge region is important for activity.

A number of shortened analogues of caerin 1.1 have been found in secretions together

with caerin l.l. These peptides (e.g. caerin l.l.l, 1.1.3 and l.l'5 in Table 7-1) are

completely inactive and are presumably the products of enzymatic degradation [23].

Interestingly, caerin 1.1.5 and l.l.3 are made up of the residues from the first and second

helices of caerin 1.1, respectively. This demonstrates that the N- and C-terminal helices of

caerin l.l are inactive on their own. Thus, it would seem that the flexible hinge region and

both helices are necessary for antibacterial activity.

NH2
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While mixed organic solvents are often used to mimic a membrane environment, there is

still dispute over how well they accomplish this (Section4.7a).It is therefore of interest to

know whether the structure of caerin 1.1 found in TFE/HzO persists in a lipid bilayer. It is

thought that micelles provide a more accurate model for a lipid bilayer since they mimic

the lipid-water interface. Thus, one of the aims of the present study was to determine the

structure of caerin 1.1 in DPC micelles and to compare this structure with that found by

Wong et al.iITFE/H2O [97].

The sequence and activity data for caerin 1.4 is also given in Table 7-1. This peptide is

identical to caerin l.l except that it has serine residues at positions five and seven,

replacing the hydrophobic residues valine and glycine, respectively. These substitutions

have the effect of decreasing the antibacterial activity against the majority of organisms

tested. Interestingly though, caerin 1.4 is active against the G- bacterium E. coli, an

organism that is not significantly affected by caerin 1.1. In addition, caerin 1.4 has greatly

increased activity against M. luteus.

Since the differences between the sequences of caerin l.l and caerin 1.4 only occur in the

first helix, the difference in activity must be due to differences in the structure in this

region. Some of the structural parameters for these helices are given in Table 7-1. The

overall charge is the same for both peptides and there is very little difference in their

hydrophobic moments. The first helix of caerin 1.4 is less hydrophobic, however, than that

of caerin l.l and the hydrophilic angle (i.e., the angle subtended by the hydrophilic face,

Section 3.4f) is much greater for this peptide (160'for caerin 1.4 versus l00o for caerin

1.1). The latter property can be seen more clearly in the Schiffer-Edmundson wheel

projections for the first 14 residues of each peptide (Figure 7'2)'
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G

V

L

V

L

S

L L
14 L 't4 L A

Caerin 1.4Caerin 1.1

Figure 7.2 Schiffer-Edmundson wheel projections for residues 1-14 oî caerin 1.1 and caerin 1.4

Hidrophilic residues are indicated in blue and hydrophobic residues in red [67]'

The activity of caerin 1.4 against E. coli and M. luteus is very similar to that of members

of the caerin 2, 3 and 4 peptides, which are nanow-spectrum antibiotics. The structure of

caerin 4.1 has been determined in TFE/HzO by NMR spectroscopy and consists of a helix-

bend-helix structure [9S] (Figure 7.3). The average angle between the two helices is

approximately 35o for this peptide, which is significantly less than that found for caerin

l.l (-80. lgTD.Caerin 4.1 is also amphipathic, with a 160' hydrophilic angle for the

residues of the first helix (l-15). The hydrophobicity of this peptide, and that of other

members of the caerins 2,3 and 4 peptides, is negative, indicating these peptides are more

hydrophilic than hydrophobic. These results suggest there could be a correlation between

hydrophobicity and/or hydrophilic angle and the specificity of these peptides for E. coli

andM. luteus.

Figure 2.3 Lowest energy structure calculated for caerin 4.1 in TFE/HzO (1:1 by volume) [98]
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Calculation of the hydrophobic moment and the hydrophilic angle assume an ideal o-

helical structure is adopted by the peptide. Determining the three-dimensional structure of

caerin 1.4 would firstly determine whether it adopts a similar structure to caerin l.l and

secondly, it would enable the N-terminal halves of caerin 1.4 and caerin l.l to be more

accurately compared.

The aims of the present study were to:

l) determine the structure of caerin 1.1 in DPC micelles and compare it with the

structure determined in TFE/HzO by Wong et al.1971.

2) determine and compare the structure of caerin 1.4 in TFE/HzO and DPC micelles.

3) compare the structures of caerin 1.1 and caerin I .4.
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7.2 Structure of Caerin 1.1 in DPC Micelles

7.2a NMR Studies - Assignments

NMR spectra were acquired on caerin l.l dissolved in DPC micelles (CAI IDPC). Proton

chemical shifts were assigned using standard methods, as outlined in Section 4.4a. These

assignments are illustrated in the partial TOCSY and NOESY spectra shown in Figure 7.4.

Note that crH resonances for Hisl2 and Hisl6 were not present, probably because they

were saturated by the water resonance. In TFE these resonances were assigned at 4.61 and

4.59 ppm respectively, which is very close to the water resonance (4.6a ppm) [97]. Note

also that the cross-peaks for CAI IDPC are broader than the corresponding cross-peaks in

TFE/HzO (CAl ITFE). This indicates an increase in rotational correlation time, suggesting

that the peptide has been incorporated into the micelles1207,295l. The cross-peaks are

sharp enough, however, to be compatible with high-resolution NMR techniques.

cr-Carbon resonances were assigned from the HSQC spectrum. The aCs of Hisl2 and

Hisl6 could not be assigned as these peaks were obscured by water breakthrough. A

swnmafy of the assigned proton and aC resonances is given inTableT'2.

Attempts were made to obøin HMBC spectra suitable for assigning the C' t3C tesottuttc"t,

however the only peaks found in the C' region were due to the BHs of the two alanine

residues. This may be a result of peak broadening, which decreases the signal-to-noise

ratio. Presumably, these peaks were evident above the signal-to-noise because they were

each due to three protons. The Alal0 and Ala22 C'resonances were assigned as 177.9 and

17 8.9 ppm respectively.
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8.00
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Figure 7.4paräal NOESY (mixing time = 100 ms) and TOCSY (70 ms spin-locktime) spectra of

caãrin 1.1 in DpC micelles at pH 6.02,37"C. Vertical lines connectthe resonances in each spin

iy"t".. These are labelled w¡tir ttre standard single-letter^abbreviation for the residue type and a

number indicating the sequential position of the re sidue. NOEs between sequential NH protons are

indicated in the NOESY sPectrum.
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TableT-21H and 13C-NMR chemical shifts (ppm) for caerin 1.1 in dodecylphosphatidylcholine

micelles, pH 6.07, 37"C. Assignments for all the tH resonances are tabulated whereas only the aC
ttC chemical shifts are listed; n.o., not observed.

Residue Chemical of
o-CH p-cH Others

l¡^
Cf,- t¡NH

opm
Glyl
Leu2

Leu3

Se14

Val5
Leu6

GlyT
SerB

Val9
Ala10
Lysl 1

Val13
Leu14

Pro15

His16

Yal17
Val18
Pro19

Val20

lle21

Ala22
Glu23
His24

n.o.
n.o.

8.88

8.14

7.77

8.40

8,64
7.92

8.16

8.60

8.O2

8.08

8.24

7.56

7.82

8.08

7.03

7.84

8.54

7.77

7.73

4.05, 3.89
4.04

4.03

4.24

3.87

4.02

3.98,
4.32

3.85

3.93

3.91

n.o.

4.23
4.29

4.25

4.22

3.77

4.35

3.99

3.72

3.94

4.03
4.48

'1.77, 1.69

1.83

4.01, 3.98

2.27

1.93, 1.90

4.14,4.05
2.32

1.51

1.86, 1.80

3.32,3.22

2.20

2.01, 1.85

2.30,1.41

3.29, 3.18

2.17

2.26

2.40,1.88

2.30

2.02

1.46

2.11,1.97
3.32,3.07

3.70

y-CH 1.67

ö-cH3 0.98, 93

y-CH 1.60

õ-cH3 0.97, 0.89

y-CHs 1.10,0.96
y-CH 1.56

õ-cH3 0.88, 0.84

y-CHs 1.10,0.96

T-CHz 1.40, 1.32

ô-cH2 1.65

e-CH2 2.89

NH.* n.o.

H28.22
H47.24

T-CH3 1.08, 0.99

y-CH 1.57

ô-cH3 0.92, 0.86

T-CHz 2.01, 1.88

õ-cH2 3.67, 3.36

H28.21
H4 7.35

T-CH3 1.04, 0.97

y-CH 1.08, 0.97

y-CHz 2.15, 1.98

ô-cH2 3.61, 3.51

T-CH3 1.15,1.04

y-CHz 1.75,1.12

7-CH3 0.91

ö-cHs 0.81

y-CH22.23

H2 8.43
H47.40
y-CH 1.63

ö-cH3 0.89

coNH2 7.12,7.04

n.o.
57.9

57.8

61

65.6
57.8

n.o.
61.4

65.6
55.1

58.8

n.o.

63.1

58.6

65.2

n.o

63.7
67.8
65.4

64.6

64.4

54.9

57.9

57.4

His12 7.67

n.o.

Leu25 7.86 4.3 1.85, 1.77 54.8
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7.2b Secondary Shifts

aH and 6¿C secondary shifts (i.e., the chemical shift difference from random coil values,

Aôs), smoothed over a window of n : *2 residues, were plotted against the sequence for

CAIIDPC (Figure 7.5). The corresponding values for CAIITFE, taken ftomWonget al

[97], were also plotted for comparison.

0

-0,05

E
Ê -0'l

ø, -0.'15

Þ
a!!t
ô -v.¿
oolt

Á

-0.3

-0.35
ct L2 L3 54 55 tó s7 s8 v9 Ato Kìr Hl2vì3 Lr4 Pr5 HlóVt7Vl8 P19V20 l2l A22823tp.4L25

Amino acid sequence

3,5

3

E
ÉL a¡o- '"

o2
Èott
5 

'.u(,
oto
o
o
ö

05

n

cì L2 L3 54 S5 Ló 57 S8 V9 AtO Krl Hl2Vr3 Ll4 Prs Hlóvl7vl8 Pl9v20 l2l M2E23 12.4L25

Amino acid sequence

Figure 7.S (a) gH 1H and (b) oC r3C secondary shifts of caerin 1.1 in (r) TFE/H2O (1:1 by volume)

[97] anO (r) DpC micelles. Negative values indicate an upfield shift from the random coil value,

wniË posiiive values indicate a ãownfield shift. Secondary shifts were smoothed over a window of

n-- t2 residues 12461.
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Figure 7.5 shows distinct upfield shifts for the oH resonances and downfield shifts for aC

resonances over the majority of the peptide, consistent with a-helical structure. The

exception to this is in the vicinity of Prol5 and the N and C-termini. In these regions, the

resonances are random-coil like, suggesting the peptide is more flexible. The shape of the

Aõ plots of CA11DPC were similar to those determined for CAIITFE (Figure 7.5),

indicating similar structures are formed in both media.

7.2c Amide Secondary Shifts

A plot of the unsmoothed NH Åõ values is shown in Figure 7.6, revealing a 3'4 residue

periodic variation. In general, the resonances from the hydrophobic residues are further

downfield than those from the hydrophilic residues - a pattern that is cha¡acteristic of

amphipathic a-helices [2a5]. The periodic variation is believed to be due to differences in

the length of hydrogen bonds on either side of the helix, resulting in slight curvature along

the length of the helix [245, 248]. Once again, the plot for CAI ITFE is very similar to that

for CAI IDPC, indicating the peptide forms similar structures in each medium.

There is also a general trend for the NH Aõ values to decrease as we move along the

sequence, such that the Aôs at the N-terminal are more upfield than those at the C-

terminal. This is consistent with a-helical structure, since the presence of a helix dipole

has been observed to affect NH chemical shifts this way 12441.
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0,8

-t.2
G.t L2 L3 54 55 Ló 57 58 V9 AlOKìr Hl2Vt3Lì4 PrSHlóVì7Vl8Pl9V20 l2l þ22E23rp.At25

Amino acid sequence

Figure 7.6 NH rH secondary shifts of caerin 1.1 in (r) TFE/H2O (1:1 by volume) [97] and (r) DPC

micelles. Negative values indicate an upfield shift from the random coil value while positive values

indicate a downfield shift. Secondary shifts were not smoothed. Hydrophilic residues [67] are

indicated by open sYmbols.

7.2d NOE Connectivities

A summary of the diagnostic NOE connectivities found for CAl 1DPC is shown below in

Figure 7.7 . The dNN NOEs seen in Figure 7.4 are shown here, together with the weaker

d¡w(i,i*z) NOEs that were found at a lower contour level. Sequential dorq NOEs occurred

throughout the sequence, as did the medium-range doN(i,i+3), duþ(i,i+3) and doN(i,i++¡ NOEs'

There was some disruption of the NOE patterns in the central region of the peptide,

primarily due to the absence of oH resonances for Hisl2 and Hisl6. As a whole, these

NOE connectivities indicate that helical structure is present along the majority of the

peptideì
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Figure 7.7 A summary of NOEs used ¡n structure calculations for caerin 1.1 in DPC micelles. The

thickness of the bars indicates the relative strength of the NOEs (strong < 3.1 A, medium 3.1-3.7 A

or weak > 3.7 A). Grey shaded boxes represent NOEs that could not be unambiguously assigned.

Relative rates of amide exchange atpH 21 are indicated by small (> 2 h) and large circles (> 5 h)'

Exchange was complete in less than 2 h for the unmarked residues (no circle).

7.2e Amide Exchange

Relative NH exchange rates were measured for caerin 1.1 and are indicated in Figure 7.7.

The pH was lowere d to 2.7 for these experiments in order to slow exchange to measurable

rates 12421(Section 4.5di Even so, almost half of the NHs had exchanged within two

hours. ElevenNHs remained after this time (Va15, Val9, Vall3, Leul4, Yall7, Vall8,

Yal20,lle2l, Ala22 and Leu25) and five of these (Leu6, Val13, Vall8, Ala22, Leu25)

remained after a further three hours. Interestingly, all of these slowly exchanging NHs

were from hydrophobic residues, indicating that these protons were in a hydrophobic

environment from which water was excluded. Conversely, the hydrophilic NHs exchanged

quickly suggesting they were in frequent contact with water molecules. Micelles are

dynamic species so the peptide would be expected to be in equilibrium between the

micelle and the surrounding water 1215,2951. However, caerin 1.1 is poorly soluble in

water so the equilibrium would be expected to favour the micelle-bound form. The NH

exchange results suggest that, on average, caerin l.l is located on the surface of the

micelle, with the hydrophilic residues in contact with the lipid head-gfoups and the water

phase, and the hydrophobic residues buried in the hydrophobic core.

f ¿xperir-,."",Ì¡ co ò.,c-l¿J c.+ pH 6 sr.o.^lod +Xa+ ercht"ç û,ns +oo to9d O qÊt,^" uv$l
rnêo-r ,c1fiô.\ .
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7.21 Structure Galculations

The NOESy spectrum of CAl 1DPC (mixing time : 100 ms) was fully assigned and the

volumes of the cross-peaks converted to distance restraints using the method of Xu et al.

Í266t. A total of 495 non-redundant restraints were produced. Thirty-four of these distance

restraints were ambiguous. A full breakdown of the restraints is given in Table 7-3. The

number of restraints found wrrs more than double the number determined for CAI ITFE.

RMD and dynamical SA procedures generated sixty structures and the ten st octure$f

lowest potential energy were chosen for analysis. These ten structures had only minor

deviations from idealised covalent geometry (< 0.05Ä' for bonds and < 5o for angles and

impropers) and the maximum violation was 0.49 Å. Table 7-3 shows the X-PLOR

energies for these structures.

Table 7-3 Comparison of the number of experimental restraints used for caerin 1.1 in DPC

miceiles (CA11DPC) and caerin 1.1 in trifluoroethanol/H2O (CA11TFEf The final X-PLOR

"nãigi"r 
ircat.mot-1¡'and violation statistics for the 10 calculated structures of lowest energy are

also given.

No. of experimental restraints CAlIDPC CAIITFE¡

Sequential NOEs

Medium-range NOEs

Long-range NOEs

lntra-residue NOEs

Ambiguous NOEs

Total

153

153

0

155

34

495

59

34

0

138

0

231

X-PLOR energies (kcal .mol'r¡ <sA>b
ELlcl

E¡*¿

Eg,gl"

E¡rp,op",

ELldw

E¡,oe

184.02 t 11.36

12.93 r 1.03

57.49 t 2.09

7.16 x0.52

21.03 r.2.o4

85.42 t 8.01

153.6

11.72

48.98

4.98

17.24

70.71

Violations
No. of NOEs violated > 0.3 A 10

0.49Maximum violation (A)

" Data obtained from Wong ef at.l97l-
o .SAt is the ensemble of the final 10 structures.

" (õA) i. ìtã r""n structure òuta¡neO by best-fitting and averaging the coordinates of the welldefined

backbone atoms (N, aC ãnd C') of the t[¡ f¡nal struCtures. (SA)|' is the structure obtained after restrained

energy minimisation of the mean structure.

T [O s\-.rru.¿s v¿eJe-.l-o>- lo ha-co^S.={e¡.1 ¿¡it{". ¿-b^qe4 o.t.fC-lJ . ßrisO
Vqlr,øs uw-e- Sìr-ri\ar æKo-^ zC) s+rc.¡cþrø= u)s'e- r=Èd 6^¿{l^o-sln-r.fure->
6re-çz-Co.nporahte. 199
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The most energetically stable of the l0 calculated structures is shown in Figure 7.8. This

representation shows that caerin l.l forms an amphipathic a-helical structure along the

length of the peptide, with a distinct bend between residues Hisl2 and Hisl6. Thus, the

bend encompasses Prol5, which is not surprising since proline residues lack an NH proton

and therefore disrupt the hydrogen bonding pattern of the helix [210]. Prol9, on the other

hand, occurs at the start of the second helix so the absence of an NH proton has little

effect. The helix-bend-helix motif is also present for the other 9 structures.

Figure 7.g Side view of the most stable structure (lowest potential energy) of caerin 1'1 in DPC

ri"àff"t. The hydrophilic groups are shown in blue and proline residues in pink'

Some conformational variability is evident for the hinge region, as was found for this

peptide in TFE/HzO. The superimposition of the l0 lowest energy structures over the

backbone atoms (N, aC and c') of the well-defined residues reveals a RMSD of 0'46 Ä'

from the average structure. Overlaying these structures over residues 3-12, as in Figure 7'9

(a), shows that these residues form a well-defined o-helix. The RMSD from the average

structure for these residues is reduced to 0.24 Å. Similarly, the superimposition of the

structures over residues 17-24 (Figure 7.1 (b) indicates these residues also form a regular

*-helix with RMSD of 0.09 Ä. These figures also reveal variability around the bend

region. A summary of the RMSD values is given in Table 7-4.
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(a)

(b)

GLYI GLYI

LEU25

LEU25

Figure 7,9 The 10 most stable calculated structures of caerin 1.1 in DPC micelles, superimposed

añng the backbone atoms (N, aC and C') of residues (al3'12 and (b) 17-24.. The structures are

viewed down the centre of the helices (left) or from tÈe side (right). This picture was prepared

using the program MOLMOL [346].
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Table 74 Comparison of the root mean squared O"yl"!¡91 (RMSD, A) values for the 10 lowest

eñãrly structurés of cáerin 1.1 in Dpc miceites (cA1 1 DPC) and caerin 1 .1 in trifluoroethanol/Hzo

(cA11TFEf.

RMSD from mean geometry (A)

Structures Backbone atoms HeavY atoms

CAl l DPC (all)

CA1 1 DPC (well-defined residues 3-24)

CA1 lDPC (residues 3-12)

0.64 *,0.22

0.46 t 0.18

0.24 t 0.15

0.09 t 0.03

0.90 t 0.20

0.79 t 0.19

0.65 t 0.27

0.45 r 0.09
CA1 1 DPC (residues 17-24\

CA1 ITFE (residues 2-1 1) 0.86 t 0.484

0.69 r 0.37ecAl ITFE (residues 17-24\

" Data obtained from Wong ef at.l97l

The average bend angle between the two helices was calculated as 75'2o + 7'4o with a

maximum angle of 88o and a minimum of 63". No value was given for this angle for

CAIITFE, however the angle for the representative structure given by Wong et al' [971

was 82o.

Analysis of the angular order parameters (S, 0 and V) for the l0 structures shows that all

residues were well-defined (s >0.9 for both their $ and v angles) with the exception of

Leu2 and the N- and C- terminal residues (Glyl and Leu25)'

A Ramachandran plot of the average 0 and r.y angles for the well-defined residues shows

thatg}Voof residues are distributed within the favoured region for c¿-helical structure, with

the remaining 10% falling in the allowable region (Vall3 and VallT) (Figure 7'10)' The

well-defined residues include those in the bend region. The Ramachandran plot shows that

their { and V dihedral angles are also consistent with helical structure'
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180

90

(v)

-90

- 1E0 -90 0
(0)

Figure 7.10 Ramachandran plot of caerin 1.1 in g that 90% of the residues

fall in the favourable region ior c¡-helices (A). Th in the allowable region (a)'

The generous region fõr a-helices is labelled are indicated by triangles'

prolines by squares and the remainder by circ icate residues that are not

well-defined.
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7.3 Gaerin I .4

7.3a Circular Dichroism Studies

cD spectra were recorded for caerin 1.4 in mixtures of TFE and water (0-50% by volume)

(Figure 7.ll).4 broad trough around 200 nm was observed for 0'10% TFE, indicating the

peptide was unstructured. For 20-50% TFE, two minima appeared around 208 nm (æ-¡*)

and 222 nm, consistent with cr,-helical structure. These minima were at their lowest values

(greatest ellipticity) at 50Yo TFE in water, indicating maximal helical conformation had

been attained.

-0% 
1¡E

10% rrE

-20o/olFE
-30% 

TFE

-40o/oTFE
-50% 

TFE

o
o)

rf)
ct)

orf)
(\¡ ôl

RR839¿.i c.¡ N ñl ôl
lOo(\¡

6
1
o
EIt
Eo2
EtoIt

.?

o
x
>-2
a)

=ol¡l
o
Ít'õ -o
o
É,
c
a!o.

0
oo
ô¡

Wavelength (nm)

Figure 7.1j CD spectra of caerin 1.4 at the varying concentrations of TFE (by volume) indicated'

7.3b NMR Studies - Assignments

NMR spectra were acquired for samples of caerin 1.4 in 50% TFE/H2O (CA14TFE) and

in Dpc micelles (cAl4DpC). The rH chemical shifts were assigned using the standard

methods described in Section 4.4a, and these assignments are indicated in the partial

TOCSY and NOESY spectra shown in Figures 7.12 and 7.13. The peaks for cAl4DPC

are noticeably broader than those for the same peptide in TFE/HzO. This observation can
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be attributed to the slower tumbling rate (longer correlation time) of the peptide-micelle

complex, compared with the peptide alone. However, the cross-peaks are still sharp

enough for high-resolution NMR studies to be carried out.

aC and C, l3C resonances were assigned from HSQC and HMBC spectra respectively'

However, low signal-to-noise in the HMBC spectra limited the c'assignments that could

be made. Fifteen C' resonances wefe assigned for CAI4TFE, while only two could be

assigned for CAl4DpC, probably because of increased linewidth for the peptide in

micelles. In the latter sample, the cross-peaks from the pHs of Alal0 and Ala22 to their C'

carbons were present because they each originated from three protons and were therefore

intense enough to be seen over the signal-to-noise. These resonances were at 178.3 and

179.1 ppm respectively. Summaries of the assigned 
lH and t3C t"sonatt"es are given in

Tables 7-5 arrd7-6!
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Figure 7.12 Paftial NOESY (mixing time = 150 ms)

caêrin 1.4 in TFE/H2O (1:1 by volume) at pH 3'13'
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1.20

1.60

2.80

3.60

(ppm)
7.00

7.20

7.40

'1.û

8.80 8.60 8.40 8.20 7 .û 7 .40 7.20 7.00

Figure 7.13 partiat NOESY (mixing time = 80 ms) and TOCSY (70 ms spin-lock time) spectra of

caãr¡n 1.4 in Dpc micelles at pn s.gz, 37"c. Vertical lines connect the resonances in each spin

;t;i". in"." are tabe¡ed w¡tir ttre standard single-letter_abbreviation for the residue $pe and a

ñl,no",' indicating the jequential position of the reéidue. NoEs between sequential NH protons are

indicated in the NOESY sPectrum.

080

200

440
t2

7.80

8.00

8.20

8.40

8.60

880

8.00 7.80

Ft(ppm)

a

I

TOCSY L
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Table 7-5 rH and "C-NMR chemical shifts for caerin 1.4 in trifluoroethanol/H2O (1:1, by volume)

pH 3.13, 2S"C. Assignments for allthe tH resonances are tabulated, whereas only the aC and C'
ì3C chemical shifts are listed; n.o,, not observed.

ue
NH cr-GH p-cH Others c[-

1 n.o.
8.63 4.21

8.17 4.23

1.68

1.70

4.03, 3.95
4.09, 3.97
1.82

4.05,4.O2
4.19,4.08
2.31

1.54

1.88, 1.81

3.42

2.13

1.97, 1.85

2.15

2.15

2.34, 1.80

2.36

2.04

1.45

2.18,2.12
3.44,3.27

y-CH 1.66

ô-cH3 0.97, 0.93

y-CH 1.67

ô-cH3 0.98, 0.90

y-CH 1.66

ô-cH3 0.92, 0.88

y-CHs 1.08, 0.98

y-CH21.44

ö-cH2 1.67

e-CH22.94

NH3* 7.56

H2 8.59
H47.45
y-CHo 1.07, 0.98

y-CH 1.53

ô-cH3 0.92, 0.89

y-CHz 2.04,1.89

õ-cH2 3.73, 3.33

H2 8.60
H4 7.58
y-CHs 1.04, 0.98

y-CH 1.09, 0.96

y-CHz 2.15, 1 .93

ô-cH2 3.67,3.47

T-CH3 1.11,1.01

y-CHz 1.66, 1.15

y-CH3 0.93

ô-cH3 0.82

y-CH22.51

H2 8.47
H47.43
y-CH 1.60

ö-cH3 0.89, 0.87

coNH2 7 .21,6.80

.2
56.8 176.6

56.5 178.'l

.88

Leu2

Leu3

Se14

Ser5
Leu6

SerT
SerB

Val9
Ala10
Lysl 1

Va]13

Leu14

Pro15

His16

Val17
Val18
Prol9

Val20

lle21

Ala22
Glu23

His24

8.22
8.08
8.44

8.25
7.80

7.95

8.49

7.95

4.23
4.43
4.19

59.9
60.5
56.8

60.4
60.7

65.7

54.8

57.8

175.5
174.4

174.8
175.5

n.o.

178.0

n.o.

n.o.

n.o.

n.o.

n.o.

n.o.

4.20
4.34
3.78

4.05
4.01

His12 7.90 4.62 56.8 174.2

8.27

8.50

7.94

8.16

4.09

4.34

4.28

3.90

4.27

64.2

58.2

7.89 4.59

4.28 2.27,'.|.42

3.39

65.0 n.o.

55.4 173.5

7.07

7.88

8.68

7.95

7.94

3.81

3.76

4.01

4.11

4.50

62.5

66.3

65

64.6

63.9

54.2

56.6

56.6

177.6

n.o.

178.8

176
173.6

Leu25 8.03 4.31 1.81 54.7 179
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Table 7-6 rH and 
t.c-NMR chemical shifts for caerin 1.4 in dodecylphosphatidylcholine micelles'

pH s.97, 37"c. Assig;;;;Ë;;;ttìnáïtr-r".onances are tabulatåd, whereas only the acr3c
chemical shifts are listed; n.o., not observed'

Residue shift
a-CH p-cH Others ü-

NH

Glyl
Leu2

Se14

SerS
Leu6

SerT
SerS

Va19

Ala10
Lysl 1

n.o,
n.o.

8.41
8.13
8.39

8.36
7.84

7.85

8.47

8.04

4.03,
4.12

3.92 43.0
57.9

Leu3 8.84

4.24
4.42
4.11

4.03
4.27

3.93

3.95

3.95

4.07

n.o.

4.19

4.29

4.29

n.o.

4.19

3.75

4.36

3.99

3.71

3.94

4.04
4.50

1.80

1.82

4.01, 3.96
4.01, 3.91
1.90, 1.87

4.03,4.01
4.10,4.06
2.28

1.51

1.88, 1.82

3.37, 3.29

2.18

2.01, 1.86

2.32,1.44

3.32,3.23

2.16

2.26

2.39,1.87

2.30

2.03

1.47

2.11,',|.97
3.34, 3.08

y-CH 1.71

õ-cH3 0.94

y-CH 1.64

ô-cH3 0.97, 0.89

y-CH 1.63

ô-cH3 0.90, 0.86

y-CHs 1.13, 1.00

y-CHz 1.50, 1.37

ô-cH2 1.67

e-CH22.92

NH3* 7.25

H2 8.30
H47.25
y-CHs '1.09, 1.00

y-CH 1.59

ô-cH3 0.94, 0.87

y-CHz 2.00, 1.90

õ-cH2 3.67, 3.37

H28.32
H4 7.36

T-CH3 1.06, 0.98

y-CH 1.09, 0.97

T-CHz 2.15, 1.99

ô-cH2 3.61, 3.49

T-CHs 1.15, 1.05

T-CHz 1.76,1.12

y-CH3 0.92

ô-cH3 0.81

T-CHz 2.23,2.15

H2 8.53
H47.48
y-CH 1.63

ô-cH3 0.89

coNH2 7.13,7 .05

57.7

60.9
61.4
57.1

61.6
61.1

65.1

54.9

58.8

n.oHis12 7.70

Val13
Leu14

Pro15

His16

Yal17
Val18
Pro19

Val20

lle21

Ala22
Glu23

His24

8.07

8.26

7.61

7.84

8.15

7.00

7.85

8.59

7.78

7.74

63.7

58,6

65.1

n.o.

63.1

68.1

65.3

64.6

64.4

54.9

57.8

57.2

Leu25 7.88 4.32 1.85, 1.77 54.8
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7.3c Secondary Shifts

cr,H and gC secondary shifts (i.e., the chemical shift difference from random coil values,

Aõ), smoothed over a window of n : +2 residues, were plotted against sequence for

CA14TFE and CA14DPC (Figure 7.14).

0

-0.45
GI L2 L3 54 V5 LÓ G7 58 V9 A]OK]ì Hì2V]31]4 P]5HIóVI7VI 8 PrgV20 l2r M2É.23pÁt25

Amino acid sequence

3.5

-0.05

-0,1
E
CL
CLv -0.ì 5

Eu, ^^
è
t!tc -0.25
o
.Jou, -o.g
I

f
ð -v.rr

-0,4

ECl o<cL '"

Etû2
è
ott
o l,Ò(,
o
at

o
o
ð

0,5

0
GI L2 t3 54 V5 Ló G7 S8 V9 AIO KìI HI2VI3LI4 PIs HIóVI 7 Vr 8 Pl9 V20 tzl þc2 823 tAA L25

Amino acid sequence

Figure 7.14 (a) crH fH and (b) crg 13C secondary shifts of caerin 1'4 in ) TFE/H2O (1:1 by

volume) and (r) opc micellàs. Nlegative values indicate an upfield shift m the random coil

value, wnite poéitiue values indicatJ a downfiel shift. Secondary shifts were smoothed over a

window of n = +2 residues 1246].
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Figure 7.14 shows distinct upfield shifts for the crH resonances and downfreld shifts for

the 6¿C resonances over the majority of the peptide, in both media types, consistent with a-

helical structure. The regions around Prol5 and the N- and C-termini have more random-

coil tike shifts however, suggesting these regions have more flexibillty. The Åõ plots for

cAl4DpC and cAl4TFE are very similar, indicating similar structures are formed in each

medium. In addition, these plots have similar shapes to those determined for caerin l.l in

both of these media (Section 7.2b), suggesting that caerin 1.4 also forms a helix-bend-

helix type structure.

7.3d Amide Secondary Shifts

Figure 7.15 shows plots of the unsmoothed NH Aõ values for caerin l'4 in TFE/HzO and

in DpC micelles. These plots reveal a 3-4 residue periodic variation in the NH 
^ô 

values

and, in general, the resonances from the hydrophobic residues are further downfield than

those from the hydrophilic residues. This pattern is consistent with an amphipathic cr-

helical structure 12451. The plot for caerin 1.4 in TFE/HzO is very similar to that for the

peptide in micelles, indicating the peptide adopts a simila¡ structure in each medium.

The presence of a helix dipole has been observed to influence NH chemical shifts, such

that those at the N-terminal of the helix are further upfield than those at the C-terminal

12441. Such a trend can be seen for the NH 
^ô 

values of caerin 1.4, which decrease along

the sequence, consistent with a-helical structure.
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Figure 7.15 NH lH secondary shifts of caerin 1.4 in (r) TFE/H2O (1¡1 by volume) and (r) DPC

micelles. Negative u"ruãi ¡notate an upfield shift from the random coil value while positive values

indicate a downfietd shift. Secondary shifts were not smoothed. Hydrophilic residues 167l are

indicated by oPen sYmbols.

7.3e NOE Connectivities

The diagnostic NOE connectivities for CAI4TFE and CAI4DPC are shown below in

Figure 7.16. The sequences of strong dr.rN and weak dr,¡N(i,i+z¡ NoEs, as well as the d..N,

doN(i,i+3), dcrN(i,i+4) and dopl¡,¡+r¡ NOEs, indicate that helical structure is present for the

majority of the sequence. Also evident in this figure is the high degree of assignment

ambiguþ due to resonance overlap, particularly for cAl4TFE.
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Figure 7.16 A summary of NOEs used
bv volume) and (b) DPC micelles. The
nbgs (strong < 3.1 A, medium 3.'l-3.7
that could not be unambiguously ass

indicated for the DPC micelle sample by small

complete in less than 2 h for the unmarked residues (no circle)'

7 3f Amide Exchange

Relative NH exchange rates were measured for caerin 1.4 in DPC micelles at a pH of 3'f

These are indicated in Figure 7.16. Eleven NHs remained after two hours (Leu6, Val9,

Alal0, Vall3, Leul4, Yall7,Vall8, Val20, Ile2l and Ala22) and just one of these (Alal0)

remained after a further three hours. These slowly exchanging protons were all from

hydrophobic residues. The quickly exchanging protons were either from hydrophilic

f Expør,rner.S= sl-o.-,cJ ex.ê]- '-ç -os l-oo rapô ol- ptl 6 213
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residues or those at the N- and C-termini, where helical structure decreases. While caerin

1.4 is expected to rapidly shift between the micelle and the surrounding water Í215,2951,

this peptide is poorly water soluble so it is anticipated that the equilibrium lies toward the

micelle-bound form. The NH exchange results suggest that, on average, caerin 1.4 is

located on the surface of the micelle, with the hydrophobic residues directed toward the

hydrophobic core of the micelle and the hydrophilic residues facing the lipid head-groups

and the surrounding water.

7.3g Structure Galculations

NOESY spectra of cAl4TFE (mixing time : 150 ms) and cAl4DPC (mixing time = 80

ms) were fu1ly assigned and the volumes of the cross-peaks converted to distance

restraints using the method of Xu et at. [266]. For CA14TFE, a total of 436 non-redundant

restraints were produced. Over a third of these were ambiguous. Four hundred and forty-

eight restraints were calculated for CAl4DPC, including 65 ambiguous restraints.

RMD and dynamical SA procedures generated sixty structures and the ten structures of

lowest potential energy were chosen for analysis. The final structures had only minor

deviations from idealised covalent geometry (< 0.05Ä. for bonds and 3 5" for angles and

impropers). The maximum violation for CAI4TFE was 0.42 Ä and 0.34 Ä for CAI4DPC'

Table 7-7 gives a break-down of the distance restraints and the X-PLOR energies for these

structures.
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Table 7-7 Comparison of the number of experimental restraints used for caerin 1'4 in

trifruoroethanor/Hzo tõÁr¿irÈl and caerin 1.4 in Dpc micettes (cA14DPc). Thefinal x-PLoR

ä;ö;'iËåjlróitl'"no violatiôn statistics for the 10 lowest energy calculated structures are also

given.

No. of experimental restraints CAI4TFE CAI4DPG

SequentialNOEs

Mediurn'range NOEs

Long-range NOEs

lntra-residue NOEs

Ambiguous NOEs

Total

98

85

0

103

150

436

122

110

0

151

65

448

XPLOR e kcalmo <sA>a <sA> (sA),

ELtcl

Eu*¿

Esrgte

Eirpropt

178.06 t 17.96

11.62 t 0.87

54.66 r 4.49

7.13 t 1.87

25.33 x3.52

80.33 t 11.13

144.45

10.25

47.07

4.86

22.45

59.81

145.63 r 8.59

11.62 t 0.79

44.74 t 3.27

4.55 r 1.18

16.59 x2.44

68.13 t 4.04

124.85

10.2

38.01

2.61

15

59.03

ELvdrv

Exoe

Violations
No. of NOEs violated > 0.3 A 13

0.42

2

0.34
Maximum violation

" <SA> is the ensemble of the final 10 structures'
t iõÄl ;; ìh;;;ä-"irù"trr" o¡taineo by best-fitting and averaging the coordinates of the well4efined

backbone atoms (N, ac and c') of the 10 final struc'tures. (sA)' is the structure obtained after restrained

energy minimisation of the mean structure'

The most energetically stable structures for caerin 1.4, in each medium' afe shown in

Figure 7 .17 .It is evident that in both TFE/HzO and in DPC micelles, caerin 1.4 has an cr-

helical structure, which is disrupted by a bend around residues 12'16. Similar motifs are

also observed for the remaining accepted structures. The amphipathic nature of the cr-

helices can also be seen in Figure 7.17.

215



-Results- Chapter 7

.\)_1
:/f L \

(a)

(b)

K

\r
l

\
\ {

{

t-_

-J {

,

Figure 7.17 Side views of the most stable calculated structures for caerin 1.4 (a) in TFE/HzO and

ióii.bpC .ìcelles. Hydrophilic groups are shown in blue and proline residues in pink'

Conformational variabilþ is observed around the bend region. This can be seen in Figures

7.18 and 7.19, which show overlays of the 10 lowest energy structures, superimposed over

the residues of the first and second helices. Clearly, two well-defined helices are present,

separated by a more flexible hinge region. RMSD values for these helices, as well as the

overall RMSD values, are sunmarised in Table 7-8. The average bend angles between the

two helices were calculated as 65.00 t 11.8'for cAl4TFE and 65.0'f 11'20 for

CAI4DPC.
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(a) GLYI
GLYI

t-F,U25

LEU25

stable calculated structures of caerin 1.4 in TFE/H2O (1:1 by volume),

rï:"åîf, 5ili,{!;ËF.31?Sì3I;""'#if:iiJ"i;"^ô:i{ilJft il¿Il:
prepared using the program MOLMOL [346]'

(b)
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(a)

(b)

GLYl GLYI

LEU25

Figure 7.1g The 10 most stable calculated structures of caerin 1.4 in DPC micelles, superimposed

atõng the backbone atoms (N, aC and C') of residues (al4-12 and (b) 17-24;The structures are

viewed down the centre of the helices (left) or from tÈe side (right). This picture was prepared

using the Program MOLMOL [346].
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Table 7-8 Comparison of the root mean squared d_eviation (RMSD, A) values.fgt tl" 10 lowest

"nãréV 
structurés of caerin 1.4 in trifluoroethanol/H2O (CA14TFE) and caerin 1.4 in DPC micelles

(cA14DPC).

RMSD from mean geometry (A)

Structures Backbone atoms Heavy atoms

CAl4TFE (all)

CA1 4TFE (well-defined residues 2-24)

CAl4TFE (residues 2-1 2)

0.78 t 0.27

0.62t 0.22

0.32 t 0.08

0.19 t 0.06

1.05 t0.27
0.97 r 0.23

0.80 t 0.14

0.52 t 0.05CAl4TFE (residues 17 -24)

CAIaDPC (all)

CAl 4DPC (well-defined residues 4-24)

CAl4DPC (residues 4-1 2)

0.73 t 0.37

0.47 t0.27
0.17 t 0.04

0.09 t 0.03

1.06 t 0.34

0.84 t 0.26

0.90 r 0.15

0.39 t 0.12cAl4DPC ( residues 17-24)

Analysis of the angular order parameters (S,0and ry) for the 10 structures of CAI4TFE

shows that, with the exception of the N- and C- terminal residues (Glyl and Leu25), all

residues were well-defined (S >0.9 for both 0 and y angles)' Twenty-one residues' or

more than B0o/o, were well-defined for CA14DPC. Residues Leu2 and Leu3, as well as the

N- and C-terminal residues, were the exceptions, indicating some additional flexibility

around the N-terminal was present for caerin 1.4 in micelles.

Ramachandran plots of the average 0 attd r¡r angles for the well-defined residues of

cAl4TFE and CAl4DpC are shown in Figure 7.20.Eachshows thatg5o/o of residues are

distributed within the favoured region for o-helical structure, with the remaining 5o/o

falling in the allowable region (Vall7 in each case). The residues of the hinge fall in the

favoured region, indicating that these residues are also consistent with o-helical structure.
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(i)

90

(v)

-90

90
(0)

(ii)

Figure 7.20 Ramachandran plots of caerin 1.4 in (¡) TFE/H2O (1:1 by volume) and (ii) DPC

micelles, showing that 95% of the residues fall in the favourable region for ct-helices (A). The

remaining 1yo fall in the allowable region (a). The generous region for s-helices. is labelled '-a''

Glycine residues are inoicated by fiiãnglei,'prolines by squarés and the remainder by circles.

Oi,en symbols indicate residues that are not well-defined'

220



-Discussion- Chapter 7

7.4 Discussion

The NMR data and structural calculations presented here show that caerin 1.1 forms a

structure in DpC micelles that is similar to that determined in TFE/HzO. That is, caerin 1.1

forms an amphipathic o-helical structure with a central region of high flexibility a¡ound

prol5. However, there were some differences in the structure of the peptide inthese two

media. These will be discussed below.

Firstly, while the number of intra-residue NOEs was similar in both solvent systems, there

were approximately two and a half times as many sequential NOEs and five times as many

medium range NOEs for caerin 1.1 in DPC micelles than in TFE/HzO. This could be

explained if the DpC micelles stabilise the cr-helical structure of caerin l.l to a greater

extent than'l'FE. Alternatively, a higher contour level may have been used in the TFE/HzO

studies or the NMR data may have been of lesser quality'

There also seem to be differences in peptide flexibility in each solvent. The RMSD values

given for the first and second helices in TFE/HzO l97l are not significantly different from

those found here in DPC micelles. However, greater disorder is observed around the hinge

region for the structures determined in TFE/HzO. Wong et al. [97] did not provide an

average bend angle for caerin 1.1 in TFE/ HzO, however examination of the lowest energy

structure reveals the angle for this structure is 82". This is within the range found for

caerin l.l in DpC (63. to 88'). The increase in disorder for the TFE/HzO structures may

be a result of the lower number of NOE restraints used in the calculations, as well as

differences in how the structures were calculated (Wong et ø1. [97] used NMRchitect

(MSI) software which incorporates distance geometry calculations followed by dynamical

simulated annealing or restrained molecular dynamics). In any event, the main structural

features are the same in both solvent systems'

The structure of caerin 1.4 was also determined in TFE/HzO and DPC micelles, revealing

a helix-bend-helix motif in both media types. Since the same experimenter determined

both structures, using the same procedures, any differences must be due to the solvent

systems. As found for caerin 1.1, there were significantly more sequential' medium and

intra-residue NOE restraints for caerin 1.4 in DPC micelles. However, there were many
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more ambiguous restraints for the peptide in TFE. Thus, the additional sequential, medium

and intra-residue restraints present in the ambiguous category could account for the

discrepancy. The overall number of NoE restraints was similar in both solvents. The

RMSD values were not significantly different and the average bend angles were almost

identical for the two structures. Residues 2-24 were well-defined for caerin 1.4 in

TFE/HzO, while only residues 4-24 were well-defined for the structures in DPC. This

suggests that the first three residues have more variable conformations in DPC than they

do in TFE/HzO.

Thus, caerin 1.4 seems to have very similar structures in TFE/HzO and DPC micelles. This

implies that the differences observed for caerin l.l in these solvent systems were due to

experimental differences. It also suggests that, for these peptides, aqueous TFE mixtures

are at least as good at representing a bilayer environment as DPC micelles.

The structures of caerin 1.1 and caerin 1.4 can be compared to see if there are any

differences that could explain the different spectra of antibacterial activþ they possess.

eualitatively, their structures are very similar as they both adopt helix-bend-helix motifs.

The average bend angles are slightly different for caerin l.l (75.2" + 7.4") and caerin 1.4

(65.0. + ll.2) but not significantly so. The RMSD values of the two peptides were also

similar. Residues 3-24 ofcaerin l.l and 4-24 ofcaerin 1.4 were well-defined, suggesting

additional conformational freedom at the N-terminal ends of both peptides' Thus, the

peptides have very similar backbone structures and their bacterial specificity must arise

from side-chain ProPerties.

Caerin 1.4 is less hydrophobic than caerin 1.1 and its predicted hydrophilic angle is

greater. The latter parameter assumes the peptide is an ideal a-helix, which is rarely the

case in practice. Figure 7.21 shows representative structures of caerin 1.4 and caerin 1.1 as

calculated for the peptides in DPC micelles. In this view, looking down the N-terminal

helix (residues l-12), it can be seen that the hydrophilic angle is around l80o for caerin 1.4

and l20o for caerin Ll. These values are slightly higher than predicted but the angle for

caerin 1.4 is still markedly higher than that for caerin 1.1. It is therefore possible that this

difference has a bearing on bacterial specificity'
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Figure T.21¡he most stable calculated structures of (a) caerin 1.1 in DPC micelles, (b) caerin 1'4

¡nïfelHrO (1:1 by uofrr"l ãÀO t"l caerin 1.4 in DPC micelles, viewed down the centre of the

Ñ-term¡nál netix. HyOrophilic'groups are shown in blue and proline residues in pink.

peptides with hydrophilic angles around 180'bind to lipid bilayers with high affrnity but

are less able to permeabilise the membranes once bound tlgl]. The angle of 180o favours

a surface location in the membrane and disfavours the formation of transmembrane pores

because of electrostatic repulsion between the peptide monomers [117] (Figure 7.22'¡'

Many antibacterial peptides have hydrophilic angles around 100' [68], which would be

more conducive to the formation of channel structures but decreases affinity for the

membrane. Caerin 1.4 would therefore be expected to bind more strongly to bacterial

membranes, while caerin 1.1 might have greater permeabilising activþ'

Figure 7.22 Top-view of barrel-stave pores formed by ø-helical peptides with hydrophobicity

"n!ì", 
of 100. it"tt¡ or 180. (right). Hyårophilic regions. of.the.helices are coloured blue and the

ñyãrãpnoO¡c poiioni red. Green circles represent the polar lipid head-groups'
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Caerin 1.4 is also less hydrophobic than caerin l.l since Val5 and GlyT have been

replaced with serine residues. Thus, the two main differences between caerin l.l and

caerin 1.4 arc the hydrophilic angle and the hydrophobicity and these factors may be

responsible for the difference in activity toward Microccus luteus and Escherichia coli'

The caerins 2, 3 and 4 have similar activity to caerin 1.4 towards these organisms and they

also have large hydrophilic angles and lower hydrophobicity than caerin l'l' Therefore, it

seems that differences in the membrane composition of M. luteus and E. coli make them

more susceptible to peptides with large hydrophilic angles and/or low hydrophobicþ'

However, the details of how this occurs are unknown at this stage.

The structures of caerin l.l and caerin 1.4 show that the hydrophobic and hydrophilic

residues are located on opposite sides of the helices. Amide exchange experiments showed

that the amide protons from the hydrophobic residues of caerin 1.1 and caerin l'4,

exchanged more slowly than those from the hydrophilic residues. Thus, it seems that the

hydrophobic surface ofthe peptide is shielded from the aqueous phase to a greater extent

than the hydrophilic surface. This, in turn, suggests the peptides, on average' adopt a

surface orientation when incorporated into micelles, with the hydrophilic residues directed

toward the water and the DPC head-groups and the hydrophobic residues located near the

hydrophobic tails of the lipid molecules. Similar experiments have previously shown that

melittin adopts a surface orientation in micelles l2l5l, while a model transmembrane

peptide (32) was shown to be predominantly located within the micelle core [260].

(32) Ac-KKLALALALALALALALALALALALAKK-NH2

Bechinger [149] demonstrated that the orientation of His-containing peptides can depend

on pH. He showed that the model peptide LAH¿ (30) adopts a surface orientation at low

pH, where the His residues are protonated. At high pH, the His residues are uncharged and

the peptide was found to have a transmembrane orientation. At the low pH used for the

amide exchange experiments on the caerin peptides, the three His residues would be

positively charged and therefore more likely to adopt a surface orientation. Nevertheless,

the results presented here suggest caerin l.l and caerin 1.4 prefer a surface orientation in

micelles at low PH.
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(30) LAH¿ KKALLALALHHLAHLALHLALALKKA-OH

Molecular dynamics simulations conducted by La Rocca et al. f304] on caerin l'1 in a

lipid bilayer also suggest that caerin 1.1 prefers a surface location, with only the relative

orientation of the N- and C-terminal helices changing over time due to the flexibiltty of

the central hinge. $/hile this is consistent with the results presented here for a micellar

environment, the computer simulations must be supported by physical evidence

determined in a bilayer system, since the high degree of curvature in the micelles could be

affecting the orientation of the peptides. Techniques, such as solid-state NMR

spectroscopy, should be conducted on the caerin I peptides to conclusively determine their

orientation in liPid bilaYers.

7.5 Conclusion

Caerin 1.1 was found to form an amphipathic a-helical structure in DPC micelles, with a

region of high flexibility around Pro15. This structure was similar to that determined in

TFE/HzO by Wong et al. [97]. The structure of the related peptide, caerin l'4' was

determined in both TFE/H2O and DPC micelles, showing that in both solvents it forms a

helix-bend-helix structure. The hydrophilic angle of the N-terminal helix was found to be

significantly greater for caerin 1.4 and the hydrophobicity of this helix is reduced,

compared with that of caerin 1.1, suggesting that either or both of these properties may be

responsible for the marked variation in the bacterial specificity of these peptides. Amide

exchange data also indicated that at low pH both caerin 1.1 and caerin 1.4 arc, on average'

located on the surface of the DpC micelles, with their hydrophobic portions directed

toward the micelle core and the hydrophilic residues directed toward the lipid head-groups

and the water phase. This tends to support a carpet mechanism of action for these peptides

but it should be noted that this orientation may be dependent on pH and peptide

concentration and/or influenced by the curvature of the micelles. orientation experiments

using bilayer systems should be performed to further investigate their mechanism/s of

action.
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Chapter I ExPerimental

8.1 Materials

Peptides were synthesised by Mimotopes (clayton, victoria) using L-amino acids via the

standard N-a-Fmoc method. Full details, including protecting groups and deprotection,

have been reported [78]. Samples used for NMR studies were > 90%o p:ute by HPLC and

electrospray mass spectrometry. citropin 1.1 and aurein 1.2 samples for solid-stateNMR

studies were specifically labelled with lsN-L-alanine at position 10. Phospholipids were

purchased from Avanti Polar-Lipids (Alabaster, AL, USA) and were used as received'

'Water used was filtered by the Milli-Q system'

8.2 cD spectroscopy - Trifluoroethanol Titrations

cD spectra were recorded on a Jobin-Yvon cD-6 spectrophotomster at room temperature'

cD spectrawere acquired for citropin 1.1 (31 pM) or caerin 1.4 (27 pM) in solutions of

TFE in water (0-50% by volume). Each spectrum represents the average of five scans'

with the data smoothed over n: *5 data points'

8.3 Solution NMR SPectroscopy

8.3a SamPlePreParation

NMR experiments were carried out on peptides in either TFE/HzO or

dodecylphosphocholine-d¡s (DPC) micelles. Aqueous TFE samples were prepared by

dissolving the peptide in a mixture of d¡-TFE and water in the required ratio, with a total

volume of 0.7 mL. For DPC samples, the peptide and 40 mol. equivalents of DPC were

dissolved in l}Yo DzO in H2O, with 50 mM NaHzPO¿ buffer. The concentration of DPC

was in vast excess of the critical micelle concentration [293] (see Table 8-1) and the lipid

to peptide ratio of 40:1 was chosen to give a solution with approximately one peptide

molecule per micelle l28l,283,294l.Micelle samples were adjusted to pH 6 using NaoH
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or HCI as appropriate. All pH measurements were taken using a Eutech Cyberscan pH 500

Meter with an AEP 331 Glass-body pH probe (183 x 4 mm, thin stem).

A small amount of sodium 2,2-dimethyl-2-silapentane-5-sulphonate (DSS) was added to

the DpC samples as a reference. The final peptide concentrations and specific sample

conditions for all samples are outlined in Table 8-l '

Table 8-1 Sample conditions for citropin 1.1, aurein 1.2, caerin 1'1 and caerin 1'4

Aqueous TFE samPles

Mass (mg) Gonc. (mM) pH o/oTFEa
Peptide

Citropin 1.1

Aurein 1.2

Caerin 1.4

DPG samples

8

10

8.5

7.1

9.7

4.7

2.25

2.04

3.13

50

70

50

Pe de

Caerin 1.4

Caerin 1.1

Mass Conc DPG Conc.

145

222
6.6

11.1

ó.o

5.6

5.97

6.07

'o/oTFE in water, by volume

8.3b NMR SPectroscopy

NMR experiments were acquired on a varian Inova-600 NMR spectrometer at a lH

frequency of 600 MHz and t3C frequency of 150 MHz. Experiments were run at 25oC for

aqueous TFE samples and 37oC for DPC samples. 
IH-NMR spectra were referenced either

to the methylene protons of residual unlabelled TFE (3'91S ppm) or to DSS (0'0 ppm)'

The r3C (F1) dimensions of the HSeC and HMBC spectra were referenced to the r3CHz

(60.g75ppm) and t'CF, (125.9 ppm) of TFE, respectively, or to DSS (0 ppm)'

TOCSY 1L3|!,DQF-COSY 1234)and NOESY l23gl experiments were all collected in the

phase-sensitive mode using time proportional phase incrementation in h 1233)' These

experiments were typically acquired over 256 increments, with 32 time-averaged scans per

increment.

The FID in t2 consisted of either 2048 or 4096 datapoints over the spectral width, which

varied between samples (citropin l.l - 5564.1 Hz, aurein l'2 - 5345'l Hz' caerin 1'1
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(DPC) - 5739.7 Hz, caerin 1.4 (TFE) - 5445.1 Hz and caerin 1.4 (DPC) - 5654'9 Hz)'

water suppression in the TocsY and NoESY experiments was achieved by presaturation

t36l]. The transmitter frequency was centred on the water resonance and conventional low

power presaturation from the same frequency synthesiser (proton transmitter) was applied

during a 1.5s relaxation delay between scans'

were used in the DQF-COSY experiment [362]'

Gradient methods for water suppression

The TOCSy experiments were acquired with the pulse sequence of Griesinger et al 12361,

which minimises cross-relaxation effects using a 70ms MLEV-l7 spin-lock' NOESY

spectra were acquired with a mixing time of 150 ms for the aqueous TFE samples and 80

and 100 ms for the caerin 1.4 and caerin 1 .1 DPC samples, respectively'

A series of TocSY spectra were also acquired, over a period of 24 hours, on freshly

prepared samples of peptide and DPC in DzO to detect slowly exchanging amide protons'

The pH was loweredto 2.7 for caerinrl,,1"î-î$3; .^çìÀ

rates were at a minimum [259, 363]' TOCSY

increments, each comprising 4 time àveraged scans over 2048 data points, with each

experiment taking approximately l5 minutes to run'

HSeC experiment s 12371were recorded with the interpulse delay set to ll2Jæ: 3.6 ms,

conesponding to JcH : 140 Hz. Typically 256 \ increments, each comprising 32

transients, were acquired over 2048 datapoints in the directly detected (tH, Fr) dimension'

For the DpC samples, the number of transients was increased to 64 for caerin l.l and 128

for caerin 1.4 and 4096 datapoints were used. In the t'c (Fr) dimension, a spectral width

of 24l40Hz was used. HMBC experiments [364] were collected with the interpulse delay

set to ll2Jcu :62.5 ms for JcH = 8 Hz. Typically 512 increments, each comprising 64

scans, were acquired over 4096 datapoints in the rH (f'z) dimension. The spectral width

for the t'C (Ft) dimension was typically 36200Hz

Ail 2D NMR spectra were processed on a Sun Microsystems ultra Sparc llI70

workstation using'\rNMR software (version 6.14). The data matrices were multiplied by a

Gaussian function in both dimensions before zero-f,rlling to 4096 data points in F1 (and F2

if necessary) prior to Fourier transformation. Final processed 2D NMR matrices consisted

of 4096 x 4096 real Points.
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8.3c Structural Restraints

cross-peaks in the TocsY and NOESY spectra were assigned using XEASY software

(version 1.3.13) t365]. The volumes of these cross-peaks were converted to distance

restraints using the method of Xu et al. 12661. For each symmetric pair of cross-peaks, the

peak of smaller volume was used.

,J""o" values were measured from high-resolution lD tH NMR spectra for citropin 1.1

and aurein 1.2, acquired with 0.012 and 0.082 Hz per point digital resolution respectively.

The lD spectra of the caerin peptides were too overlapped to be useful. Attempts at

measuring the 3JnnoH values from DQF-COSY spectra were made using the method of

Kim and prestegard 12561, however, the line-widths were too broad to determine these

accurately.

Dihedral angles were restrained as follows: 3huoH <

5 .3J"non < 6H2,0: -60" t 40o. For the 'J*"o" values >- 6 Hz, $ angles were not

restrained. The absence of resolved splitting for an NH resonance implies that its 'J""on

value is < 5 Hz, i.e., the residue is part of a helical conformation. Hence the $ angles for

these residues were restrained to -60o + 30o.

8.3d Structure Calculations

Structures were generated on a Sun Microsystems Sparc lll70 workstation using X-PLOR

software (version 3.s51) 1366,3671. The RMD and sA protocol was used [368], including

the use of floating stereo-specific assignments [271]. Sum-averaging was used to take care

of the ambiguous restraints. The ambiguous restraints were refined based on the structures

from the initial calculations [251].

The All Hydrogen Distance Geometry (ALLHDG) force field (version 4.03) was used for

all calculations [36g]. Each calculation run began with a family of 60 structures generated

with random $ and ry dihedral angles. These were subjected to 6500 steps (19'5 ps) of high

temperature dynamics at 2000 K. The Kno" and Krepet force constants were increased from

1000 to 5000 kcal.mol-tnm-2 and 200-1000 kcal'mol-rnm4, respectively' This was
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followed by 2500 steps (7.5 ps) of cooling to 1000 K with Kepet increasing from 1000 to

40000 kcal.mol-rnm-a and the atomic radii decreased from 0.9 to 0.75 times those in the

ALLHDG parameter set. The last step involved 1000 steps (3 ps) of cooling from 1000 K

to 100 K. Final structures were subjected to 200 steps of conjugate gradient energy

minimisation. The structures produced with the lowest potential energies (20 for citropin

1.1 and aurein l.Z and 10 for the caerin peptides) were selected for analysis. Three-

dimensional structures were displayed using INSIGHT II software (version 95'0, MSI)

and the program MOLMOL Í3461.

8.4 Oriented Gircular Dichroism

8.4a Sample PreParation

A stock solution of peptide (aurein 1.2 or citropin 1.1) in TFE was prepared (ca' 2'7 mM)

and an appropriate volume added to two tubes containing dry DMPC (7 mg) to obtain L/P

ratios of l5:l and 50:1. Samples with aLlP ratio of 100:1 were prepared by adding the

appropriate volume of peptide stock to dry DMPC (14 mg)' A control sample of peptide

alone was prepared using stock solution (100 pg peptide equivalent) as well as one of

DMPC (7 mg) alone. The TFE was removed under vacuum and the samples made up to a

volume of I mL with Milli-Q water. Samples were then sonicated and centrifuged to

produce small unilamellar vesicles (SUV)'

Isotropic vesicle samples were prepared by diluting a proportion of the lipid-peptide or

lipid only stock solutions by a factor of ten with Milli-Q water. These samples were placed

in a quartz cuvette (-300 pL volume, I mm path length) for the CD measurement'

oriented samples were obtained by applying the lipid-containing stock solutions (100 pL)

to a quartzplate made from a CD cuvette. The solution was spread evenly over the plate

with a stream of nitrogen gas, covering an area of approximat e\y 2'5 cm2' until the plate

appeared dry. This resulted in oriented DMPC bilayers'
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8.4b GD Measurement

cD spectra were recorded on an AVIV Model 62DS spectrometer with the light beam at

normal incidence to the quartzcuvette or plate, at a temperature of 30'C' All spectra were

acquired over the wavelengths 260-185 nm with 0.5 nm steps.

For the isotropic samples, a 1.5 nm spectral width was used with an integration time of ls.

Three scans were acquired for each of the isotropic vesicle samples. Five scans were

completed for the DMPC blank sample and the aqueous peptide samples to obtain

improved signal-to-noise ratios. The control vesicle CD spectra were subtracted from the

peptide-vesicle sPectra.

The oriented samples were acquired using a2 wn spectral width with an integration time

of 5 s and two scans per sample. The second scan was obtained on the same sample but

with the qtrartz plate rotated by 180o about the long axis. Verification of the sample

uniformity was made by comparison of the line-shape of the two scans. The scans were

then averaged and the spectrum of the control oriented bilayers was subtracted'

Isotropic spectra were converted from measured ellipticity (mdeg) to mean residue

ellipticity (deg.cm2.dmol'r). The oriented CD spectra were left in units of mdeg because

the thickness of the oriented bilayers, and therefore the exact amount of peptide, was

unknown. However, for comparison with the isotropic samples, the oriented spectra were

scaled such that the intensities of the isotropic and oriented spectra were equal for the

bands around 222 rurt

8.5 Solid-state NMR SPectroscopy

8.5a Sample Preparation - Unoriented Bilayers

citropin 1.1 (3.1 mg) and 1,2-dimyristoyl-ds+-sn-glycero-3-phosphocholine (ds4-DMPC)

(20.s mg) were co-dissolved in methanol (50 pL), 
*t9t:¿|A1,Ug"å13s?1î.ä"äT'

(vol/wt). The sample was then alternately vorteie¿ a"¿ centrifugednu"ntil thoroughly
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mixed. The tipid to peptide (L/P) molar ratio was 15:1. A control sample of ds¿-DMPC

alone was prepared in a similar manner.

8.5b Mechanically Oriented Bilayers

Each peptide (typically 5 mg) was co-dissolved with ds¿-DMPC (typically 35 mg) in a

mixture of chloroform and TFE (-1 mL), resulting in aLlP molar ratio of 15:1 for each

sample. The mixture was applied to microscope coverslips, each 20 mm long and ranging

in width (4.5 -6 mm) such that, when stacked, a circular cross-section was obtained. The

solvent was removed under vacuum ovemight. Samples were then hydrated with water

(50% vol/wt), stacked and placed in an NMR tube (7 mm diam.) with additional water

(10-15 ¡rL), before heat-sealing to give a tube approximately 3 cm long. A control sample

was made in the same way using ds4-DMPC alone'

8.5c NMR Spectroscopy 'Unoriented Bilayers

proton-decoupled phosphorus (3lP) NMR experiments on unoriented bilayer samples were

carried out on an Inova 300 Varian spectrometer, using a 5 mm Doty MAS (Magic Angle

spinning) probe at an operating frequency of 121.46 MHz 13rP¡. Samples were not spun

during acquisition. Spectra were recorded at room temperature with gated decoupling'

Typical operating conditions were: 90o pulse duration, 6 ¡rs; repetition delay, 4 s; sweep

width, 62.5 kTz; number of scans, 100, spectra were processed with 100 Hz of line

broadening. 
3lP spectra were referenced to H¡PO¿ (0 ppm)'

8.5d MechanicallyOriented Bilayers

phosphoru, (3'p) and deuterium (2H) NMR experiments on the mechanically aligned

multilayers were recorded on an Inova 400 Unity+ Varian spectrometer using a 10 mm

broad-band probe. Samples were not spun. Both 3lP and 2H experiments were recorded at

30, 35 and 40oC. Samples were equilibrated for l0 minutes at each temperature prior to

acquisition.
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proton-decoupled 3lP spectra were acquired at 161.8 MHz with a spectral width of 32

kHz. other parameters used were: 90o pulse width, 12 ps; decoupler power' 60; recycle

delay 2.4 s;number of data points, 2k with zero-filling to 8k data points; number of scans,

256; line broadening, 100 Hz. 3lP spectra were referenced to H¡PO¿ (0 ppm).

Deuterium quadrupole echo spectra were recorded at 61.4 MHz over a spectral width of

100 kHz. Typical operating conditions were: 90o pulse, 12 ps; echo spacing, 40 ps; recycle

delay, 300 ms; number of data points, 16k; number of scans ,32k; line broadening' 50 Hz'

Deuterium spectra were referenced to D2O (0 ppm)'

proton-decoupled lsN spectra were acquired at 50J }/rnz on a Bruker DMX-500 NMR

spectrometer. A l0 mm multinuclear probe was used and the spectra were acquired at a

temperature of 35oC. Typical operating conditions wete: 90o pulse width, 15 ps; spectral

width, 22 kïz; recycle delay, 3.6 s; number of points, 16k; number of scans, 56k; line

broadening, 100 Hz. lsN spectra were referenced to the ammonium signal of lsNH¿NO¡

(o ppm).

8.5e Peptide Powders

t5N crors-polarisation experiments [316] were performed on peptide powder samples at

30.4 MHz on an Inova 300 Varian spectrometer. A 5 mm Doty MAS (Magic Angle

Spinning) probe was used and spectra were recorded on both spinning (5 kHz MAS) and

static samples at ambient temperature. Typical parameter settings were: 90o pulse, 8 ¡"ls

(static),6.8 ¡rs (spinning); recycle delay,2s; contact time,2 ms; acquisitiontime,60 ms;

spectral width, 20 klz;number of scans, 50 k (static), lk (spinning); line broadening, 150

Hz. lsN spectra were referenced to the ammonium signal of l5NH¿NO¡ (0 ppm).
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Summary and Future Directions

Eleven novel peptides were discovered in the skin secretion of Litoria dahlii, as well as

the potent neuropeptide caerulein. The eleven dahlein peptides are similar to the aureins 1,

4 and 5 from L. aurea and I. raniþrmis, suggesting that these frogs share a common

ancestor. However, the absence of potent broad-spectrum antibiotics in the L' dahlii

secretions, similar to the aureins 2 and 3, indicate evolutionary divergence' This probably

occurred because of the different climates and predators to which these species are

exposed, since I. dahlii is found in the tropical north of Australia, while L. aurea and L'

r aniþ r mi s inhabit Australia' s temperate southeast'

The dahleins I were shown to have moderate broad-spectrum antibacterial activity similar

to the aureins 1, while dahleins 5.3 and 5.6 were found to be effective against a variety of

different cancer cell-lines. The dahleins 5 were also shown to inhibit the enzyme nNoS at

micromolar concentrations. Similarities between the dahleins 5 and the amphibian

pheromone splendipherin suggest that these peptides could have an additional role in

chemical communication. Behavioural studies may be carried out in the future to

determine whether or not this is the case'

The short antimicrobial peptides citropin 1.1 (16 residues) and aurein l'2 (13 residues)

were investigated in an attempt to shed light on their mechanisms of action' CD studies

indicated these peptides were unstructured in water but bound to neutral DMPC vesicles,

where they adopted a-helical structures. Their three-dimensional structures were studied

in more detail in the membrane mimicking solvent mixture TFE/HzO, using NMR

spectroscopy and restrained molecular dynamics calculations' This showed that citropin

1.1 and aurein 1.2 form linear amphipathic o-helices in this medium'

OCD experiments showed that citropin 1.1 and aurein l.2had no preferred orientation in

DMpC bilayers at aLlP ratio of 50:1 but oriented closer to the membrane normal (-35') at

higher peptide concentrations (L/P 15:1). Solid-state NMR experiments were consistent

with the peptides having oblique orientations in the lipid bilayers. Taken together, these

results are compatible with a carpet mechanism of action. However, additional
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experiments are required to confirm these findings, as well as to investigate the effect of

anionic lipids, peptide mobility and peptide concentration on the peptide-lipid interactions'

The structures of caerin 1.1 and caerin 1.4 were determined in DPC micelles and TFE/Hzo

(caerin 1.4 only) usiqg NMR spectroscopy and restrained molecular dynamics

calculations. In each case, the peptides formed amphipathic a-helical structures, with a

flexible hinge region around prol5. There was little difference in the structure of caerin

1.4 in the two media and the structure of caerin 1.1 in DPC micelles was comparable to

that determined by V/ong et al.l97l in TFE/HzO. Thus, for these peptides at least, mixed

organic solvents are as effective as DPC micelles at mimicking the membrane

environment. It would be helpful to also determine the structure of these peptides in

bicelles, as these disc-shaped lipid structures resemble flat lipid bilayers more closely and,

at suitable ratios of long- to short-chain lipids, reorient rapidly enough to be suitable for

solution NMR spectroscopy. This would determine whether the high degree of curvature

present in the micelles affects the overall peptide structure.

Caerin 1.1 and caerin 1.4 differ at only two points in their sequences. In caerin 1.4, serine

residues at positions 5 and 7 rcplacevaline and glycine residues, respectively' This results

in decreased hydrophobicity for caerin 1.4 as well as an increased hydrophilic angle for

the N-terminal helix, The calculated structures reveal the hydrophilic angles to be around

l20o for caerin l.l and l80o for caerin 1.4. These structural differences result in the

different patterns of antimicrobial activity observed for caerin 1.1 and caerin 1'4'

Amide exchange experiments suggested that, on average' both of the caerin I peptides

were located on the surface of the micelles. Additional experiments are necessary to

discover if this is also the case in lipid bilayers. These orientation studies must be designed

to determine the orientation of both the N- and c-terminal helices of the helix-bend-helix

motif. The effect of lipid composition and peptide concentration should also be examined

to probe membrane specificity and the mechanism of action of these peptides'

It is hoped that by investigating the mechanism of action of antibacterial and anticancer

peptides, more potent and cell-specific compounds will be developed and used in the

treatment of disease. Peptide antibiotics may provide an answer to the increasing problem

235



-Summary-

of bacterial resistance, since their action at the cell membrane may make it more diffrcult

for the bacteria to adapt. No measurable rates of resistance have been found so far, for

antibiotic peptides Í87, 941'

The major impediment to the clinical use of peptides is their susceptibility to proteases'

Orally administered peptides are broken down to their constituent amino acids before they

even enter the circulation, while peptides injected directly into the blood-stream are

deactivated in minutes to hours by plasma proteases t36l' It may be possible to get around

this problem by using the all-D enantiomers, which could still interact with the bacterial

cell membranes but would be unaffected by proteases'

An alternative use for antibacterial peptides is as a food preservative' In this case'

susceptibility to host proteases is an aid, not an obstacle, since the antibacterial activity is

only required prior to consumption' The peptide is then degraded in the gut so that

selectivity for pathogenic cells is not as important. Nisin, a 34-residue antibiotic peptide

from the G* bacterium Lqctococcus lactis, has already found wide-spread use as a

preservative in the food industry 1370,3711'

The research presented in this thesis demonstrates that amphibian skin secretions are a

valuable fesource of novel compounds. Isolating and identifring peptides from different

species and investigating their biological activities may lead to potentially useful products

for the future.
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Appendix - HSQC and HMBC SPectra
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