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Abstract

The studies of protein/peptide folding, misfolding, structure, and interactions are vital to
understanding complex biological problems. The work presented in this thesis describes
the development and application of a variety of biophysical techniques to investigate
protein structure and interactions, with applications to the structure and function of several

bioactive peptides.

Firstly, the development of a novel negative ion amenable chemical crosslinking-mass
spectrometry (CX-MS) approach is described. CX-MS is a low-resolution technique to study
protein structure and interactions. It involves covalent modification and tethering of a
protein complex by a reactive reagent, followed by proteolytic digestion. The sites of the
intra- and inter-molecular crosslinks provide distance restraints for modelling and enables
conclusions to be drawn about the three-dimensional structure and binding interfaces
within a protein complex. However, easy identification of crosslinks amongst the large
quantity of proteolytic fragments remains challenging. In this study, the application
of novel disulfide-based MS cleavable crosslinking reagents was investigated as a tool
to easily identify crosslinked peptides by their highly reproducible and characteristic
fragmentation patterns in the negative ion mode. MS3 analysis of the product anions
allows easy sequencing and identification of crosslinking sites. Preliminary investigations
validate these reagent as a tools to readily identify chemical crosslinks within proteins and
their complexes, demonstrating that this approach is an effective and efficient means to

determine aspects of the topologies of protein complexes of biological importance.

Secondly, the use of several biophysical methods is described to probe the structures of
a variety of complexes involving the regulatory protein calmodulin (CaM) with bioactive
amphibian peptides. CaM is ubiquitous in nature and plays a regulatory role in numerous
biological processes, including some in amphibians and their predators; for example,
it is involved in the upregulation of nitric oxide synthesis in vivo. Isothermal titration
calorimetry was used to investigate the specific heats of the interactions, ion mobility-mass
spectrometry was used to investigate the changes in collision cross section that occur as
a result of complexation and nuclear magnetic resonance spectroscopy was used to track
chemical shift changes upon binding. The results obtained confirm that these complexes
adopt canonical collapsed structures and demonstrate the strength of the interaction

between the peptides and CaM.



Next, work is presented which investigated the abilities of several bioactive amphibian
peptides to inhibit fibril formation by disease related proteins. The peptide caerin 1.8 and
several synthetic modifications were tested for their ability to inhibit fibril formation by the
Alzheimer’s related amyloid-f3 (1-42) peptide. The results obtained show that caerin 1.8
redirects the aggregation process of amyloid-f3 (1-42) toward the amorphous aggregation
pathway. In addition, the self-assembly properties of the antimicrobial peptide uperin
3.5 were investigated using a variety of biophysical techniques, including transmission
electron microscopy, ion mobility-mass spectrometry, circular dichroism, thioflavin T
binding and cell viability assays. Similarities were observed between the fibrils formed by
this peptide and those of disease related proteins, supporting the notion that information
can be obtained about disease related amyloid fibril formation by studying amyloidogenic

host-defence peptides.

Lastly, work detailing the effect of aspartic acid (Asp) isomerisation to isoAsp on the
structure, activity and proteolytic cleavage susceptibility of three amphibian peptides,
Crinia angiotensin II, uperin 1.1 and citropin 1.1 is presented. isoAsp formation has
been shown to occur naturally as a result of age-related protein degradation, and is a
consideration when preparing formulations of peptide therapeutics. isoAsp formation
causes a ‘kink’ in the normally helical structure of citropin 1.1, as determined by
nuclear magnetic resonance spectroscopy, which results in a reduction of its antimicrobial
activity. The effect of this isomerisation process on the smooth muscle activities of Crinia
angiotensin II and uperin 1.1 was different, with Asp isomerisation in Crinia angiotensin
IT causing a decrease in activity, and Asp isomerisation in uperin 1.1 causing greater
contraction at lower concentrations. Proteolytic cleavage with trypsin was identical for
each pair of Asp/isoAsp isomers, whilst cleavage with a-chymotrypsin was different for the
two Asp/isoAsp citropin 1.1 isomers due to the presence of isoAsp adjacent to the cleavage

site.
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Chapter 1

Introduction

1.1 Overview

The central dogma of molecular biology was first proposed in 1958 [1, 2], and presents
a framework to comprehend the transfer of information between the three biopolymers -
DNA, RNA and protein. Proteins are the final product of the gene expression process and

are essential for nearly all biochemical processes in the cell [3].

Proteins are synthesised in vivo by the ribosome, which translates the messenger RNA code
into a protein sequence [4]. After translation, most proteins are required to adopt a
well-defined, compact three-dimensional structure to perform their biological function
[3]. This conformation is described by the four levels of protein structure, namely
primary, secondary, tertiary and quaternary (Section 1.2) [4-7]. It is imperative that the
correct conformation is adopted, as misfolding can lead to loss of function and numerous,

potentially dire, pathologies [8-10].

Even though proteins must adopt a pre-determined conformation to perform their
biological function, most of the tasks they perform also rely on molecular interactions [11].
This necessitates some inherent flexibility in the protein structure, as interactions often lead
to a local or global reorganisation of conformation [12]. Consequently, understanding the
structural basis of molecular interactions and their biological role necessitates a knowledge

of the protein’s conformation prior to and during complexation.



Chapter 1: Introduction

This thesis details the development and application of biophysical techniques to investigate
the structure of native proteins, protein assemblies and also protein misfolding at the

molecular level.

1.2 Protein and Peptide Structure

Proteins are all made from amino acids, with each comprising a specific polymeric sequence
of amino acid residues [4-7]. The primary structure (Figure 1.1A) is this sequence of
amino acids, and is governed by the DNA sequence of the encoding gene. The coded
protein sequence contains all the information necessary for the chain to adopt subsequent
levels of structure and fold into a fully functional conformation [13]. This is not always a
spontaneous process, and in some instances molecular chaperones are required to facilitate
the adoption of a native state (Section 1.3). Misfolding can occur as a result of mutations
in the primary structure or pertubations in the cellular environment, which may lead to

subsequent loss of function and/or a gain of toxic function (Section 1.3).

Secondary structure (Figure 1.1B) refers to the local arrangement of the protein to
form regular structures, such as a-helices, [3-strands, 3-sheets and turns. This folding
process is largely driven by the formation of extensive hydrogen bond networks, with
different regions of a protein (termed protein domains) folding independently of each
other. a-Helices (Figure 1.1B, left) result due to hydrogen bond formation between the
backbone carbonyl oxygen of residue i and the amide hydrogen of residue (i +4), affording
an a-helix with 3.6 amino acid residues per turn. Other helical structures may occur
with different hydrogen bond interactions. 3-Sheets form as a result of hydrogen bonding
between parallel or antiparallel chains (Figure 1.1B, centre and right, respectively), with
the resultant arrangement of a-carbon atoms forming a pleated pattern. Turn motifs
are often used to make sharp turns in a polypeptide chain, such as the ff-turn which
forms as a result of hydrogen bond interactions between the backbone carbonyl oxygen
of residue i and the amide hydrogen of residue (i + 2). These turn structures require a
cis arrangement about the peptide bond, instead of the more common trans configuration.
Pro and Gly residues more easily assume cis arrangements about their peptide bonds so are

often present in these regions of structure.
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Figure 1.1: The levels of protein structure. (A) Primary structure, (B) common secondary
structure elements, (C) tertiary structure (helices are shown in red, 3-sheets are shown in

yellow) (PDB: 1BRM), and (D) quaternary structure (in this case a four subunit complex)
(PDB: 1GZX). Parts A and B are from reference [7].
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Tertiary structure (Figure 1.1C) refers to the three-dimensional fold of a protein and is
determined largely by non-covalent interactions between domains, but in some instances
covalent disulfide-bonds are also present. Here, helices, sheets and turns are arranged
in a specific fashion to form a globular structure. Often this arrangement results in the
protein core containing hydrophobic amino acid residues. Some proteins may also require
the association of non-protein ligands, such as metal ions (e.g. calmodulin requires Ca*")

or prosthetic groups (e.g. myoglobin requires heme) to adopt a stable globular structure.

In many instances the tertiary structure is the biologically functional form of a protein,
however, functionality may only be achieved in some instances by the association of
multiple protein chains. This results in the formation of a protein complex, and in addition
to the tertiary structure of each subunit, quaternary structure now exists (Figure 1.1D). This
is the overall spatial arrangement that is adopted when multiple protein chains interact.
Formation of these protein complexes is driven by non-covalent interactions between

protein subunits.

It is vital that a protein folds in accordance with all these levels of protein structure, thereby
adopting a biologically functional form. Understanding the basis of regulatory cellular
processes, at a molecular level, necessitates a knowledge of the overall fold of a protein,

and the mechanisms driving interactions with its binding partners.
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1.3 Protein Folding

It has been demonstrated that the protein folding process is, for the most part, spontaneous
and therefore determined by the protein’s primary structure [13]. However, the mechanism
by which the final folded conformation of a protein is encoded in the amino acid sequence,
and how the folding process operates is still the subject of intense research. Typically,
energy landscapes are used to describe the transition of a high energy unfolded structure
down a funnel-like energy profile to yield a native, biologically functional state (Figure 1.2)

[9, 10, 14, 15].
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Figure 1.2: The energy landscape of both protein folding and aggregation. The blue
surface shows that many intermediate conformations can lead to to the native state
(which is in a local energy minimum) by the formation of intramolecular contacts. The
purple surface shows the conformations that can lead to amorphous aggregation or
amyloid fibril formation through intermolecular contacts. From reference [14].

It has been shown that most small proteins (<100 residues) assume their native structure
in a one step process, where only the unfolded and native state are significantly populated
[16]. Conversely, large multi-domain proteins (>100 residues) fold by a process which
involves a variety of intermediate non-native states [14, 17]. The intermediate structures
that form during the folding process may be on-pathway intermediates towards the native
structure, or could be stable misfolded conformations that are trapped in local energy
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minima (Figure 1.2). The native conformation of a protein is at a local minimum in the

protein folding energy landscape [9, 10, 14, 15].

Aggregation (the association of two or more non-native protein molecules) can occur
from partially folded or misfolded structures which expose hydrophobic amino acid
residues that are ordinarily buried within the native structure [9, 10, 15, 18, 19]. These
misfolded states can arise during folding, or as a result of cellular stress conditions.
This can result in the protein leaving the folding pathway and entering the off-folding
pathway, driven by hydrophobic interactions between folding intermediates (Figure 1.2
and 1.3). The off-folding pathway comprises two distinct routes and products. The
amorphous aggregation pathway leads to the formation of disordered aggregates and
protein precipitation. These amorphous aggregates are non-toxic and are able to be cleared
by normal cellular degradation pathways i.e. the proteosome [18]. However, aggregation
may also lead to the formation of thermodynamically stable amyloid [8-10, 15, 18-20].
These are highly ordered fibrillar structures which comprise a cross-f3 core (i.e. 3-strands
running perpendicular to the fibril axis) (discussed in Chapter 5). The oligomeric
pre-fibrillar species formed on this off-folding pathway are considered to be highly toxic
to eukaryotic cells, and are associated with the aetiology of several devastating pathologies

including Alzheimer’s and Parkinson’s diseases.
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Figure 1.3: Schematic of intracellular protein folding and aggregation.

Misfolding can occur as a result of cellular stresses, mutations or translational errors.
Misfolded species can be refolded to a native conformation, be degraded, or enter the
off-folding pathways to afford disordered or ordered aggregates. From reference [21].

The off-folding aggregation processes are enhanced in the crowded cellular environment.
To overcome this, molecular chaperones [14, 18, 19, 22] are often present to sequester
and assist in the rearrangement of a non-native structure, redirecting misfolded proteins
towards their native conformations. Chaperones are involved at all stages of the folding
process, and may also be required for de novo folding, the refolding of denatured proteins,

disruption of oligomeric assemblies, protein transport and also degradation [14].

In many instances, the biological function of a protein necessitates interactions with
other proteins (Section 1.4) or metabolites. Correct folding and the adoption of native
structure is necessary for this to occur as it exposes specialised binding domains involved

in molecular association processes.
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1.4 Protein Interactions

Cellular functions are performed and regulated at the molecular level by the coordinated
action of molecular complexes, which rely on the precise regulation of protein association
in a spatial and temporal manner [23, 24]. In humans, disease can result when regulatory
procedures break down and protein-protein and protein-metabolite interactions are
perturbed [23, 24]. Additionally, cellular signalling pathways and the protein interactions
they encompass, are targets for current and new therapeutics [25]. Consequently,
analyses of macromolecular complexes contribute not only to the understanding of
necessary cellular processes, but may lead to the development of new therapeutics and

an understanding of their mode of action [23, 26].

Studies have identified a diverse array of specialised binding domains in proteins that
mediate complexation [27]. However, in most cases the binding interfaces and structural
motifs that confer recognition specificity are unknown [24]. Therefore, for novel protein
interactions, it is vital to determine the specific structural determinants that lead to

assembly.

The forces which maintain protein structures and complexes include electrostatic
interactions, hydrogen bonding, hydrophobic interactions and other van der Waals forces
[28]. The strength of these intermolecular forces determines the lifetime of the protein
complex, with some assemblies being dynamic and transient whilst others are highly
stable [11, 24, 29]. For example, signalling and regulatory networks comprise transient
interactions, and complexes like the core of the ribosome are essentially permanent

[11, 24, 29].

The fundamental importance of protein structure and protein assemblies in biochemistry
has led to the development of numerous biophysical techniques to study protein structure

and interactions (Chapter 2).



Chapter 2

Techniques for Studying Protein/Peptide

Structure and Interactions

2.1 Introduction

As detailed in Sections 1.3 and 1.4, peptides and proteins are able to perform their specific
biological function because of the precise three-dimensional structure they adopt in vivo,
and the molecular interactions that they take part in. Therefore, studying the structures
that these biomolecules adopt, both individually and as part of a complex can provide

insight into their mechanism of action.

Numerous techniques have been developed to provide details of the structures of proteins
and their complexes, including those which give atomic level resolution, such as X-ray
crystallography [30] and nuclear magnetic resonance (NMR) spectroscopy [31]. However,
unstable and/or very large assemblies are not amenable to study using such traditional
techniques. Consequently, low resolution studies of these structures are predominantly
used to provide significant insight into their structure and biological function. Techniques
most useful for this purpose include circular dichroism (CD) spectroscopy [32], electron
microscopy [33], small-angle X-ray scattering (SAXS) [34], molecular modelling [35] and
isothermal titration calorimetry (ITC) [36]. More recently, mass spectrometry (MS) is
emerging as a vital analytical tool, not only to study the primary structure of proteins

and protein complexes by proteomics analyses, but also the native structures of dynamic
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proteins and assemblies that are not amenable to study using conventional structural

biology methods [28, 37].

This chapter details the major biophysical techniques used in this thesis to investigate

protein structure and interactions, namely MS, NMR spectroscopy, ITC and CD.

2.2 Mass Spectrometry

MS relies on the formation of gas phase ions (positively and negatively charged) and their
subsequent mass analysis and detection. The method has evolved rapidly in the past twenty
years and today it is an indispensable analytical technique in many areas of research,

especially the life and health sciences.

The first magnetic sector mass spectrometers were developed by Thomson and his student
Aston in the early 1900s [38] and were utilised for the detection of isotopes. Since these
early studies, MS instrumentation has dramatically evolved, leading to the development of
new ionisation techniques and mass analysers to afford instrumentation with significantly

enhanced resolution and capabilities.

Notably, the advent of proteomics triggered an explosion in the use of MS to
study biological molecules [39]. As well as developments in MS instrumentation
and methodologies, the interfacing of MS with other techniques, such as liquid
chromatography-MS (LC-MS) [40, 41], ion mobility-MS (IM-MS) [42-44] as well as the
arrangement of mass analysers in tandem array has allowed MS to find broad ranging

applications.

Additionally, experimental evidence that protein conformation in vacuo is often not
significantly affected by the loss of a solvation shell, has validated MS for the study of both
native structure and molecular interactions. This has lead to the development of MS based
structural biology methods [45, 46]. Consequently, integrative approaches, combining MS
techniques with other low resolution data, are becoming commonplace in the development
of structural models of proteins and assemblies with minimal predetermined, high
resolution structural data. These studies are vital in the quest to characterise the many
protein assemblies which regulate biological processes.

10
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2.2.1 Mass Spectrometers

The research presented in this thesis was carried out using both the Q-ToF 2 and Synapt

HDMS mass spectrometers.

The principle components of the Q-ToF 2 hybrid quadrupole time of flight mass
spectrometer are shown in Figure 2.1. This instrument employs electrospray ionisation
(ESI) (Section 2.2.2) to ionise sample molecules and contains both quadrupole and time of
flight (ToF) mass analysers (Section 2.2.3) separated by a hexapole collision cell. This
arrangement permits mass selection of ions in the quadrupole, followed by collisional
induced dissociation (CID) in the hexapole collision cell (Section 2.2.6) and mass to charge

ratio (m/z) determination in the ToF sector.

Z-spray
lon Source

Quadrupole MS

Probe

MCP
Detector

N

\Dynolite

Hexapole -
RF Lens Quadrupole Transfer Lens oint Detector
Analyser
Hexapole
Collision Cell
Reflectron

Figure 2.1: A schematic of the Q-ToF 2 mass spectrometer. The important components
are labelled.

The Synapt HDMS quadrupole-ion mobility-time of flight mass spectrometer contains
many similar features to the Q-ToF 2 (Figure 2.2). Again, ESI is employed to ionise
sample molecules (Section 2.2.2), however, conventional Q-ToF technology (Section 2.2.3)
is combined with travelling wave (T-Wave) IM separation (Section 2.2.4), allowing the
analysis of gas phase ions both by their interaction with an inert buffer gas (their
size/charge ratio), and their m/z [47]. CID is also able to be performed in the trap and

transfer T-Wave sectors.

11
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Figure 2.2: A schematic of the Waters Synapt HDMS Mass Spectrometer [48]. The
important components are labelled.

2.2.2 Electrospray Ionisation

Early ionisation techniques, namely chemical and electron impact ionisation, limited
the kinds of molecules that could be studied in the infancy of MS, as they are only
suitable for the analysis of volatile samples. It was only in 1981 with the advent of
fast-atom-bombardment that thermally labile molecules could be analysed by MS [49, 50].
Arguably the most significant methodological advancements have been the more recent
introduction of matrix assisted laser desorption/ionisation (MALDI) [51] and ESI. These
ionisation techniques have opened up the field of biological MS with characterisation of

biological macromolecules in the megadalton range now relatively routine [52].

The development of ESI is attributed to the pioneering experiments of Dole et al. in 1968
[53]. However, it was not until 1984 that Fenn’s group coupled ESI with MS for the analysis
of biologically important compounds [54-58]. This ground-breaking work earnt Fenn a

share of the 2002 Nobel prize for chemistry [59].

ESI is classified as a ‘soft’ ionisation technique as it imparts minimal internal energy on
the system, permitting the retention of weak non-covalent interactions and minimising
fragmentations in the ion source [60-63]. Additionally, multiply charged analyte ions
can be produced, thus reducing the m/z of the formed species. This allows large

macromolecules to be analysed within a m/z range accessible by commercial mass

12
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spectrometers [40]. Additionally, for a protein or large peptide a series of multiply charged
peaks are often observed and deconvolution of these data leads to determination of the

molecular mass [64-66].

During the MS experiment, ionisation occurs at atmospheric pressure, and requires the
analyte to be dissolved in a solvent where it becomes ionised to a certain extent, i.e.
forming (M+H)* and (M-H)~ ions [67]. This solution is then passed through a thin
capillary to which a strong electric potential (1-4 kV) is applied, causing ions to gather
at the tip of the needle forming an extended structure called a Taylor cone [68-70]. If the
field applied is sufficiently high, the tip of the cone becomes unstable causing a fine mist of

charged droplets to be sprayed [71, 72].

Heat and a nebulising gas (e.g. N,) are applied to the spray, evaporating some of the
solvent, reducing the size of the droplets. Once the droplets are sufficiently reduced in
size, the Rayleigh stability limit is reached. This is the point where the repulsive Coulombic
forces due to the charged nature of the droplet are equal to the attractive surface tension

forces, given by Equation 2.1;

Q = 8n(e,yR?)? (2.1)

where Q is the charge on the droplet, y is the surface tension of the solvent, R is the radius
of the droplet and ¢, is the electrical permittivity [72-76]. Equation 2.1 provides an upper
limit for the charge density necessary for droplet fission to occur and generally, Coulombic
explosion occurs at approximately 65-110 % Q [77]. At this stage, the surface tension
forces are overcome by the repulsive Coulombic forces and the droplets divide. Solvent
evaporation and repeated droplet fission results in droplets which are small and contain

few elementary charges (Figure 2.3) [72, 75].

NOTE:
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Figure 2.3: The mechanism of electrospray ionisation [71].
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From these small droplets, the ion is liberated into the gas phase in a method described by
two models, namely the charge-residue [53] and ion-evaporation models [78]. Despite
these two proposals, the precise mechanism of ion liberation is unknown and neither
model is able to explain all observations [67, 72, 79, 80]. However, it is probable that the
proposed mechanisms may operate individually or in tandem, depending on the analyte,

to invoke ion formation [79].

Following ionisation, the generated ions are drawn through a sampling cone into the
analyser portion of the mass spectrometer by application of both potential and pressure
gradients [79]. The cone potential can be varied depending on the m/z of the ions to
be analysed. Typically, ions with a larger m/z require increased cone voltages for optimal
sensitivity [40]. Analyte ions are then guided into the analyser portion of the Synapt HDMS

by a T-wave ion guide and by a radiofrequency (RF) lens in the Q-ToF 2.

ESI is extremely effective at producing gas phase ions from non-volatile analytes, unlike
earlier ionisation techniques. Typically, aqueous organic solvents with a small quantity
of acetic/formic acid (for positive ion mode) [81, 82] or triethylamine (for negative
ion mode) are used as solvents in ESI-MS as they permit high ionisation efficiency.
Additionally, the electrospray source may be directly coupled to a high performance liquid
chromatography (HPLC) system and the analyte may be injected to the spectrometer using
the solution conditions at elution. However, where it is necessary to retain native protein
structure in the gas phase, these conditions are unsuitable as organic solvents can lead to
denaturation [83-86]. Additionally, salts and buffer systems commonly used in molecular
biology applications are incompatible with ESI-MS [87]. Consequently, ammonium acetate
(NH,OACc) buffered aqueous solutions are typically used as a solvent for the study of intact

proteins and protein assemblies by ESI-MS [75, 88, 89].

Nanoelectrospray ionisation (nanoESI) was developed by Wilm and Mann [90, 91] in
the mid 1990s and permits the use of significantly smaller sample volumes without

compromising signal intensity. Conventional ESI sources require flow rates in the order of

1 1

uL.min™", whilst nanoESI sources require flow rates in the order of nL.min"", and as such
require sample volumes of only of 1-3 uL [79]. For nanoESI, the sample to be analysed is
injected into a glass capillary that has been pulled to a fine tip and coated with a conductive

metal such as platinum or gold. A potential is applied to the capillary (typically 1-2 kV)
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via the metal coating, resulting in the formation of a Taylor cone, droplet fission and ion
formation. The lower flow rate produces smaller droplets, greatly increasing desolvation
efficiency [92], and the technique is more tolerant of salt contamination [91, 93] than

conventional ESI.

In the study of native protein structure by MS, it is vital that the secondary forces which
maintain native conformations, such as hydrogen bonding, hydrophobic interactions and
electrostatic and van der Waals forces remain unaffected throughout ionisation and the
pressurised regions of the spectrometer [60, 81]. For this reason, nanoESI is well suited to
these studies as it is a gentler and more efficient ionisation technique, and conditions can

be optimised so that native structure is retained upon vaporisation [60, 79, 81].

As a result, ESI-MS can be exploited to probe many aspects of protein structure and
assembly, including the stoichiometry, stability and conformational changes involved in
complexation. In the years since the advent of MS based structural biology, much research
has been conducted using the technique to study biologically relevant protein assemblies

and disease related protein aggregates [28, 94, 95].

2.2.3 Mass Analysis and Detection

Once ionisation has been achieved, it is necessary to separate ions based on their m/z
for mass analysis and detection. A variety of instrumentation has been developed for this
purpose including the magnetic sector, quadrupole [96], ion trap [97], Fourier transform
ion cyclotron resonance [98], orbitrap [99] and time of flight (ToF) [100] mass analysers.
The Q-ToF 2 and Synapt HDMS systems used in this work are fitted with quadrupole
(Section 2.2.3.1) and ToF (Section 2.2.3.2) mass analysers and microchannel plate (MCP)
detectors (Section 2.2.3.3). Increasingly, MS is being used to analyse intact native
protein conformation, requiring optimisation of the ESI process and the control of several
instrument voltages and pressures to ensure the transmission of relatively uncompromised

structures [43, 60, 101, 102].
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2.2.3.1 The Quadrupole Mass Analyser

Quadrupole mass analysers were developed by Paul in 1957 [103], who was awarded a
share of the Nobel Prize in physics in 1989 for his work. They consist of four symmetrically
arranged parallel rods, to which RF and direct current (DC) voltages are applied to generate
an electric field [40, 71] (Figure 2.4). Rods opposite one another in the quadrupole have
identical RF and DC fields applied, with the two pairs having RF fields 180° out of phase
and opposite DC potentials [104]. This results in two pairs of rods, one pair is negatively
charged and the other is positively charged. As ions enter the quadrupole they undergo
an oscillating motion that is dependent on the electric field, and the applied quadrupole
field forces the ions toward the centre of the device. In MS mode, the quadrupole simply
operates as an ion guide by application of only an RF voltage, transferring all of the sample
ions to the subsequent sectors of the spectrometer. When the instrument operates in
MS/MS mode, an ion of interest can be selected by applying a constant electric field to the
quadrupole [40, 71]. Variation of this applied electric field allows for ions to be selected
based on their m/z for further analysis, whilst other ions are ejected from the quadrupole
by striking the rods or the walls of the device [68, 96, 97, 105]. An ion that is selected can
be passed into the hexapole collision cell (Q-ToF 2) or the trap/transfer TWave (Synapt
HDMS) for CID (Section 2.2.6) [106-110].

To Detector

f =

7

Resonant lon

Non-Resonant lon
From lon

Source

Figure 2.4: A quadrupole mass analyser. Red ions have a stable trajectory through the RF
field, blue ions have an unstable trajectory and are ejected from the quadrupole.
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2.2.3.2 The Time of Flight Mass Analyser

The ToF analyser was first described in 1946 by Stephens, who proposed that a mass
spectrometer could be constructed without a magnetic field, by measuring the velocities
of ions from a pulsed ion source [111]. Once the ions have entered the ToF analyser,
an electric potential (V) from the pusher provides them all with an identical translational

energy, given by Equation 2.2;

2V =—— (2.2)

where m, z and v are the mass, charge and velocity of the ion, respectively. The ions then
fly through a field-free region, with the time taken (t) to traverse this distance (d) given by

Equation 2.3.

1

(= (%) d (2.3)

Ions with a smaller m/z will have a shorter flight time over the fixed distance between the
pusher and the detector. As a result, the arrival time of an ion can be related to its m/z,
with the instrument using this relationship to display a mass spectrum [68, 100, 111].
Once detection (Section 2.2.3.3) is complete, the next set of ions can be introduced into

the ToF tube.

As a packet of ions enters the ToF tube, their location relative to the pusher determines
the amount of kinetic energy they receive, with those closer to the pusher receiving more
energy than those further away. Consequently, ions with the same m/z may obtain different
energies and hence have different flight times, causing a reduction in resolution. This
has been overcome by the development of the reflectron [112, 113], where a series of
electrodes are used to create a retarding electric field at the end of the ToF tube which
reverses the flight direction of the ions. Ions with higher kinetic energy will penetrate the
reflectron more deeply than those with lower kinetic energy. This allows ions of the same
m/z but different kinetic energies to catch up with one another and arrive at the detector

simultaneously, thereby increasing resolution.
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Figure 2.5: ToF mass analysis, showing two ions with the same m /z but different kinetic
energies arriving together at the detector due to the presence of a reflectron ion mirror.

2.2.3.3 Ion Detection

Detection of ions is the last step in a MS experiment, and results in the production of a
signal related to ion abundance. Both instruments used in this work utilise a microchannel
plate (MCP) detector, which is a plate comprising an array of tiny tubes (microchannels)
from one face to the other. Each microchannel functions as an electron multiplier, and an
ion striking the MCP causes electrons to be emitted from the surface which are accelerated
down the channel, striking the walls, and thereby releasing more electrons and amplifying
the signal. From a single ion hitting the detector, up to 10° electrons can be produced by

this process, giving a significant amplification of signal intensity [114, 115].

This amplified electron pulse is sent to the time to digital converter (TDC) and the arrival
time relative to the ejection of ions from the pusher is recorded. Each packet of ions results
in a spectrum of arrival times which are summed over the acquisition period to yield a mass

spectrum [116].
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2.2.4 Ion Mobility Spectrometry

IM has been utilised as an analytical tool for a number of decades, however, it was only
in the 1990s that the coupling of IM with ESI and MALDI ion sources, as well as the
development of theoretical methods enabled the technology to be utilised in the analysis
of biomolecules [44, 117]. Traditional IM involves the separation of ions as they travel in
a drift tube through a neutral buffer gas at different drift velocities (V;) in the presence of
an applied electric field (E), with V; determined by the mobility of the ion (K), given by
Equation 2.4.

V,=KE (2.4)

Smaller ions undergo fewer collisions with the neutral gas and thus pass through the drift
tube faster than larger ions [43]. K, which defines the ion’s drift velocity can therefore
be related to the ion’s collision cross-section (2 or CCS). Typically, instead of directly
determining K, the time required for the ions to drift though the distance of the drift tube

(tp) is measured. A direct relationship exists between t;, and 2, given by Equation 2.5;

Q:(1877:)% ¢ [1 17:6E760 T 1
L P 2732N

- —_—— (2.5)
16 (k,T)2 L™ Mg

where K, is the Boltzmann constant, g is the charge on the ion, T is the absolute gas
temperature, P is the buffer gas pressure, L is the length of the drift tube and m; and
my are the mass of the ion and buffer gas, respectively. This direct relationship allows
experimentally determined drift time data to be converted to CCS, giving an indication

about the size and topology of ions [117].
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2.2.4.1 Travelling Wave Ion Mobility Mass Spectrometry

Traditional drift tube IM spectrometers have been coupled to mass spectrometers to record
m/z and CCS simultaneously, but these instruments have proven difficult for the analysis
of large protein complexes due to issues with sensitivity and maintaining non-covalent
interactions. The recent development and commercial availability of T-wave IM has

revolutionised the field and allowed the routine study of intact protein structures by IM-MS.

The IM sector of the Synapt HDMS consists of three travelling wave-enabled stacked ring
ion guides (TWIGs). Each of the stacked ring ion guides consists of a series of ring shaped
planar electrodes arranged in parallel (Figure 2.6). Opposite phases of an RF voltage are
applied to adjacent electrodes producing a potential energy barrier that confines the ions
to the centre of the guide, stabilising the ions’ trajectory and preventing loss by radial
diffusion. The ions are propelled through the ion guide in the presence of a background
gas by applying a short DC voltage pulse to pairs of ring electrodes in sequence, resulting
in a travelling wave voltage on which the ions can “surf”. This ability of an ion to “surf”
the wave through an inert gas is dependent on its mobility. Species with low mobility
experience a greater drag and are unable to keep up with the travelling wave. This
phenomenon causes ions of low mobility to slip behind the travelling wave (termed “roll
over events”) less often than those species of high mobility, thus allowing separation to
occur on this basis, and giving arrival time distribution (ATD) information (Figure 2.7)
[48, 118]. In the Synapt HDMS, three TWIGs form the T-Wave IM sector, the first is called
the trap, the second is the mobility cell, where IM separation occurs, and the third is the
transfer. IM separation is achieved in the mobility cell rather than the other two TWIGs
due to an increased buffer gas pressure and the different electrical pulses that are applied

to the ring electrodes.
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Figure 2.6: Schematic of the ring electrodes which comprise the TWIG. Adapted from
[48].
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Figure 2.7: Schematic of the operation of a TWIG in the propulsion of ions through the
drift tube [48]. Ions of high mobility are shown in orange, ions of low mobility are shown
in purple and fall behind the travelling wave.
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The trap TWIG is used to accumulate ions during the previous mobility separation, and the
final ring electrode is DC-only, allowing the gated release of packets of ions by modulating
the applied voltage. Once released into the mobility cell, IM separation is performed as
detailed above and shown in Figure 2.7. Pressures in this region can be optimised for
the retention of native protein structure and interactions. Additionally, the travelling-wave
height/voltage and travelling-wave velocity must be optimised in this region to achieve

optimal IM separation. The travelling wave velocity is given in m.s™*

, and is determined by
dividing the distance between electrode pairs by the time the pulse remains on each pair.
The transfer TWIG has a constant travelling wave voltage to ensure that IM separation is
maintained as the ions are transferred to the ToF for mass analysis. In order to obtain both
IM data and m/z data simultaneously, the acquisition occurring in the ToF sector of the

instrument is synchronised with the gated release of ions from the trap TWIG into the IM

sector.

The instrument enables fragmentation of ions in either or both of the trap and transfer
TWIGsS as a result of CID (Section 2.2.6) [106-110]. These fragments are then analysed by

the ToF sector of the spectrometer in the normal way, described above.

T-Wave IM spectrometry yields ATD information, but to obtain CCS values, calibration of
the measured ATD data using standards of known CCSs is required. The IM-MS spectra
of these calibrants must be recorded with the same IM parameters as the analyte (such as
the height and velocity of the voltage waves), as these influence the obtained CCS [43]. In
the analysis of proteins, typical calibrants include denatured cytochrome ¢, myoglobin and

ubiquitin, which have published CCSs for a variety of charge states [43, 119].

Additionally, the data obtained must be corrected for mass-dependent flight time [43]. This

is performed using Equation 2.6.

cy/m/z

t =ty ——— 2.6
D" 1000 (2:6)

Where t, and t;J are the experimentally determined and corrected drift times (msec),
respectively, m/z is the mass to charge ratio of the ion and C is a constant which varies

from instrument to instrument.
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The advent of IM-MS has significantly increased the amount of information that can be
obtained from native MS data. Not only is it possible to characterise protein assemblies
by their mass, but insight into the size and topology of a complex can be gained
simultaneously. Low-resolution CCS information obtained from IM-MS data can be
used in tandem with computational modelling and data from other techniques to gain
an insight into the architecture of a protein assembly. Today, integrative approaches,
combining aforementioned MS techniques with other low resolution data, are becoming
commonplace in the development of structural models of proteins and assemblies with

minimal predetermined, high resolution structural data.

2.2.5 Computational Approaches for Calculating CCS of Proteins

IM-MS studies of proteins and protein assemblies are often carried out concurrently with
molecular modelling using both available structures (such as those deposited in the Protein
Data Bank) or modelled structures from either course-grained projections or ab initio
studies [35] to determine CCS. This can be achieved using readily available software,
including the program MOBCAL [120, 121]. The program is capable of using three
different theoretical methods to calculate cross-section, namely, the exact hard sphere
scattering (EHSS) model, the hard sphere projection approximation (PA) model and the
trajectory method. For large biomolecules, the EHSS and PA models are typically used due
to the decreased computational time they require, and as such only these two models will
be discussed here. CCS is influenced by the topology of an ion and therefore its interactions
and collisions with a neutral buffer gas. These methodologies attempt to replicate the ion

structure in silico and model its collisions with the buffer gas to calculate a theoretical CCS.

The PA methodology is the simpler of the two models used in CCS calculation. It involves
replacing an ion’s cross section with its projection, or shadow, and averaging the projection
that is created by every possible orientation of the ion [122]. By this method, it assumes
that ions are spherical with this average projection, and therefore multiple collisions with
the buffer gas cannot occur. This is not always the case for large molecules with rough
surfaces (like proteins) which may deflect gas molecules resulting in further collision(s)

with the ion. Additionally, the method assumes a uniform charge distribution across the
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surface and that there are no long-range interactions between the ions and the buffer gas
[42]. This method generally provides a good approximation for small molecules, but often

underestimates the cross-sections of proteins [122].

The EHHS model also takes into account the surface structure, and as a result is said
to provide a better representation of larger ions with complex structures. Because of
this, it correctly treats scattering between the ion and the buffer gas, but still disregards
ion-buffer gas interactions, as does the PA method [42, 123]. This method is well known

to overestimate CCS.

2.2.6 Collision Induced Dissociation of Peptides

Structural information about an ion can also be obtained using tandem mass spectrometry
(MS/MS) experiments [106-110]. This process involves mass selection of a precursor ion
in the quadrupole mass analyser after which it is passed into the hexapole collision cell
(Q-ToF 2) or TWIG (Synapt). Here, CID is performed by energising the ion using collisions
with a noble gas, such as He or Ar. This results in decomposition of the precursor ion to

produce fragment ions which can provide structural information about the precursor.

Analysis of the fragment ions produced upon CID during MS/MS experiments allows the
amino acid sequence of peptides to be determined rapidly. Characteristic fragmentation
processes occur in both positive and negative ion MS and are exploited to identify a

peptide’s primary structure.

2.2.6.1 Fragmentations in Positive Ion Mass Spectrometry

Collisional activation of linear peptides in the positive ion mode produces spectra that are
dominated by the facile cleavage of peptide linkages between amino acid residues. The
fragment cations produced allow easy sequencing of the peptide under investigation. Two
fragmentations of the amide bond that can be used for sequencing are the b and y cleavages
(Scheme 2.1) [40, 67, 124, 125]. The b fragmentations allow for sequencing of the peptide

from the C-terminus, whilst the y cleavages allow sequencing from the N-terminus [126].
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Mass differences between ions of the same fragmentation series are utilised to determine

sequential residues in the peptide [124, 127].

Structures of the b and y fragment ions are illustrated in Scheme 2.1. In this scheme, the
b ions are shown as both their originally proposed acylium cation structure and the more

recently suggested cyclic oxazolones [128-132]. Other cyclic structures have also been

proposed [133, 134].
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Scheme 2.1: Positive ion cleavage of the peptide linkage to afford b and y fragment
cations [124, 129-132]. Both the acylium and cyclic oxazolone cation structures of the b
ion are shown.

Utilising a combination of these fragmentations allows for the peptide identity to be
determined in most cases. Isomeric Leu and Ile amino acids can be distinguished by
application of techniques complementary to MS, such as Edman sequencing [135], while
the isobaric amino acids Lys and GIn can be differentiated by instruments with high mass

accuracy, by Edman sequencing, or by analysis in the negative ion mode (Section 2.2.6.2).
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2.2.6.2 Fragmentations in Negative Ion Mass Spectrometry

Historically, negative ion MS sequencing of peptides has found limited application for
the study of complex systems, as collisional activation of peptide anions affords mass
spectra of increased complexity when compared with their positive ion counterparts. Many
of the most facile fragmentation pathways in negative mode correspond to side chain
induced cleavages, and not the amide backbone cleavages which are well suited to peptide
sequencing. Consequently, these amide backbone fragmentation products are often of low
relative abundance. Despite these limitations, negative ion MS can yield data that parallels
those obtained by positive ion MS [136], and can even provide structural information that

cannot be obtained in the positive mode.

Identical information from the positive ion b and y cleavages are obtained from the
negative ion 8 and a cleavage processes (Scheme 2.2). Thus, the 8 and a fragmentations
allow for sequencing of the peptide from the N- and C-termini, respectively [136]. These
processes are proposed to proceed from enolate anions adjacent to the amide carbonyl in
the peptide backbone to yield 8 and a cleavage ions as shown in Scheme 2.2. Alternate
cyclic structures, which form by different mechanisms, have also been proposed for the f3

fragment anions as shown in Scheme 2.2 [132, 133, 137].

The energetics of these processes have been investigated using ab initio calculations
and reveal that the a and S cleavage processes are endothermic by 134 kJ.mol 'and

285 kJ.mol ™! respectively, with a maximum transition state barrier of 397 kJ.mol~* [138].

26



Chapter 2: Techniques

(o3
R (6]
H
. )\[T /N\HJ\

"N OH
H

(6] R'

B |

R -H| ™ Q
\ /g HN
o c OH
H o R
B a
0
e
N
R
p

Scheme 2.2: Negative ion cleavage of the peptide linkage to afford a and 8 fragment
anions [136, 137].

An additional negative ion backbone amide cleavage also occurs and has been called the
B’ fragmentation, which again provides sequencing information from the C-terminus [136,
138, 139]. The B’ fragment anion has the structure shown in Scheme 2.3, and is formed by
a mechanism involving Syi substitution/cleavage and cyclisation to liberate the fragment

anion [139].

Scheme 2.3: Structure of the 3’ backbone fragment anion.

Backbone cleavage can also be effected by anions situated on the side chains of particular
amino acids. These side chain induced backbone cleavages are caused by amino acids
which can be deprotonated in a position adjacent to the backbone to form a resonance
stabilised anion, such as in Asp, Asn, Glu, Gln, Phe and Tyr [136, 140]. Instead of cleavage

of the amide bond, as occurs in the a,  and 8’ processes, side chain induced backbone
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fragmentation occurs adjacent to the amide, with the NH-CH bond being cleaved [141].
CID of small peptides generally yields more side chain induced backbone fragmentation
products (over amide bond fragmentations) from Phe, Tyr and His, when compared with
larger peptides, whilst Asp and Asn fragmentations remain abundant for all peptides. The
resultant products have been named the 6 and y ions (Scheme 2.4A) and are formed by
mechanisms that have been reviewed elsewhere [136, 140]. Side chain induced backbone
cleavage can also occur from Glu and Gln residues, even though the side chain enolate
that forms is not directly adjacent to the backbone. Consequently, the mechanism of these

backbone cleavages differs (Scheme 2.4B) [142, 143].
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Scheme 2.4: Structures of the 6 and y ions formed by side chain induced backbone
cleavage from (A) Asp and (B) Glu.

It is common to lose H,O (18 Da) from the Asp and GIn y ions and NH; (17 Da) from the
Asn and Gln y ions. These products often are the base peaks in these spectra and can be
useful for distinguishing between the isobaric Lys and Gln amino acids on MS instruments

without high resolution capability [144].

In the negative mode, characteristic side chain cleavages also occur (reviewed in [140]),
a phenomenon not generally seen in the positive ion MS/MS spectra of peptides. Many of
these processes are only observed in the spectra of short peptides (up to four amino acid
residues in length) and only several are prevalent irrespective of the size of the peptide

(indicated in Table 2.1). As the peptide decreases in size, these side chain cleavage ions
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often dominate the negative ion spectrum, concealing the a, § and 8’ backbone cleavage
ions. In some instances, a, 8 and 8’ cleavage ions are observed from side chain cleavage
ions instead of the (M-H)™ ion e.g. in Ser containing peptides they are seen from the

[(M-H)~-CH,0O]~ fragment [136, 140].

Negative ion MS also shows many advantages over conventional positive ion MS in
the study of post-translational modifications, such as disulfide bonds which undergo

characteristic fragmentations (Chapter 3).

Table 2.1: Characteristic negative ion side chain fragmentations [140]. Fragmentations
prevalent in peptides of all sizes are indicated by *.

Amino Acid Loss (or formation) Mass (Da)

Ala Me 15

Val Pr 42

Leu (Ile) Bu 57

Phe (PhCH) 91

Tyr (p-HOC¢H,CH,) 107
0=C¢H,=CH, 106

Trp CyH,N 129

Ser CH,0 30 *

Thr MeCHO 44

Cys H,S 34

Met MeSH 48
MeSMe 62
CH,CH,SMe 75

Asp H,O 18

Asn NH, 17

Glu H,O 18 *
(CsHgO3N7) 128 *

Gln NH, 17 *

Arg NH=C=NH 42

29



Chapter 2: Techniques

2.3 Nuclear Magnetic Resonance Spectroscopy

The first NMR spectrum of a protein was recorded in 1957 [145], some 11 years after
the discovery of the NMR phenomenon [146, 147]. In spite of this achievement, it was
another 28 years before instrumentation and methodological advances meant that that
NMR could be used to solve the complete 3D solution structure of a protein [148]. The
greatest advancements in the field include the introduction of multidimensional NMR
[149], the advent of high field spectrometers (which provide increased resolution and
sensitivity), as well as the development of Fourier transform spectroscopy. These along
with the implementation of distance geometry calculations have all aided the development
of NMR as a fundamental technique in structural biology, allowing the determination of
both low and high resolution structural information about biological molecules and their

assemblies [150-152].

2.3.1 The Fundamentals of NMR Spectroscopy

The NMR experiment is possible because nuclei possess an intrinsic angular momentum
known as nuclear spin (given the quantum number I ) [153]. Only nuclei with non-zero I
values are active in NMR experiments. Spin active nuclei include 'H, *C and *N, which all
have I = 1/2 [71, 154]. In the presence of an applied magnetic field B, the orientations of
the spins are influenced and the nuclei are able to adopt one of (2 I + 1) orientations within
the field [71]. Thus, the spins of 'H, 13C and '°N nuclei can adopt one of two orientations,
aligning anti-parallel to B, in a high energy state Ng, or in a low energy state N, parallel

to By [71]. The energy difference between N, and Ny is given by;

hyB,
2T

AE =

2.7)
where y is the gyromagnetic ratio, h is Planck’s constant and B, is the strength of the

applied magnetic field. Nuclei can move between these two orientations by absorbing or

emitting radiation corresponding to AE [153].
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The two energy levels are unequally populated, with more spins in the N, state, resulting
in a net magnetic moment, M in the direction of B, (Figure 2.8) [71, 153]. The number
of nuclei initially populating each of the energy levels is described by the Boltzmann
distribution [71], given by;

= e (2.8)

where T is the temperature (in K), AE is the energy difference between N, and Ny and k is
the Boltzmann constant. Generally, AE is very small, but this increases when higher field
strengths are used, and thus the population of nuclei in the high energy state decreases

(Equations 2.7 and 2.8), increasing sensitivity [71].

When a radiofrequency (RF) pulse is applied to the sample, transitions are induced between
the two energy levels, promoting those nuclei in the N, state to Ng, altering M [71].
However, the energy of the RF pulse must correspond to AE in order for this to occur. This
energy gap is related to the Larmor precession frequency (v), the frequency at which the

nuclei naturally precess in a magnetic field, which is given by Equation 2.9.

YBo
Yy = —

=S (2.9)

In modern NMR experiments, RF pulses of short duration are applied to the sample, with
the magnetic component of the pulse, B; (in the xy plane), projected 90° to the main
magnetic field, B, (along the z axis) [155] (Figure 2.8). Whilst the pulse is being applied,
a force is exerted on M, tipping the magnetisation towards the y-axis, and as long as it
continues the nuclei preferentially precess about its direction [156]. The angle by which
the magnetisation is rotated increases with the length of application of B;. Normally, the
irradiation with B, is stopped once magnetisation reaches the y axis i.e. once a 90° pulse
has been applied (Figure 2.8) [156]. After the pulse, the magnetisation in the xy plane
is detected, during the detection phase (t,) of the experiment. The magnetisation in this
plane decreases with time as it relaxes back to the z axis by two relaxation processes,
namely spin-spin relaxation (T,) and spin-lattice relaxation (T;) [156]. The reduction in
magnetisation in the y plane is detected as a free induction decay (FID) (Figure 2.8) with

a frequency corresponding to the Larmor procession frequency [153].
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Each chemically distinct nucleus has a different resonant frequency. This is because the
local magnetic environment contributes to the actual magnetic field experienced by the
nucleus (Equations 2.7 and 2.9). In Fourier Transform NMR, the RF pulse contains
radiation which spans a large frequency range in order to excite all the nuclei in the
sample at once [155]. Fourier transformation of the obtained FID converts it from a
function of time to a function of frequency, producing a 1D NMR spectrum (Figure 2.8)
[154]. The FID obtained in t, contains multiple frequency components due to the different
Larmor precession frequencies of chemically distinct nuclei. Therefore upon Fourier
transformation, the NMR spectrum will show a unique signal for each of the chemically

distinct nuclei of interest in the molecule.
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Figure 2.8: Schematic of the 1D NMR experiment and vector diagrams illustrating the
change in orientation of the bulk magnetisation during an NMR experiment. [154]

2.3.2 Two and Three Dimensional NMR Spectroscopy

The standard 1D NMR experiment has only one frequency dimension. However, when
analysis of large molecules is required, including for peptides and proteins, this method
can result in very complicated spectra containing numerous overlapping signals [31]. 2D
and 3D NMR experiments have a second and third frequency dimension, respectively,
yielding spectra of increased resolution, so overlapping resonances can be separated

and distinguished. The development of these multidimensional techniques along with
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multinuclear experiments has allowed structural problems of significantly increased

complexity to be addressed using NMR [157, 158].

In 1D NMR experiments, the preparation and t, phases occur with only the 90° pulse
separating them (Figure 2.8). 2D NMR experiments contain two new elements, namely
the evolution (t;) and mixing (t,,) periods which occur between the preparation and t,
stages [71, 153, 154, 159, 160]. In order to obtain a 2D data set, a number of experiments
are recorded with incremented t; periods. During 7,,, magnetisation transfer occurs
(this process is different for each NMR experiment), determining which correlations are

observed.

Each phase of the NMR experiment is made up of a series of delays and RF pulses,
constituting the pulse sequence. Different pulse sequences allow different information
to be obtained by permitting the transfer of magnetisation between dipolar coupled spins
(nuclei that are close in space) or between nuclei that are spin-spin coupled (nuclei that
are nearby in the molecule). These correlations can be used to deliver information about
the primary structure of the molecule, its three-dimensional structure, or both. 2D Fourier
transformation of the data gives a spectrum which is viewed as a contour plot to indicate
the intensity of the peaks. A schematic of the general 2D NMR experiment is illustrated in

Figure 2.9.

Whilst the increased resolution that 2D NMR provides is often sufficient for the study
of peptides, 2D spectra of proteins with masses greater than approximately 10 kDa are
often still of insufficient resolution [31]. This is due to, (i) the greater number of
resonances present in spectra of these molecules, and, (ii) longer rotational correlation
times which leads to faster transverse relaxation and broadened linewidths [31]. As a
result, an additional frequency dimension is added, yielding a 3D NMR spectrum that
provides increased spectral resolution [153, 159]. 3D NMR experiments are constructed
by combining two 2D pulse sequences [31, 159]. As a result, the mixing period of one 2D
experiment is combined with the preparation period of the second [31, 159]. The result is
that the signal is recorded in t; as a function of not one, but two evolution times (t; and
t,), which like 2D spectra are successively incremented (independently) [31, 153, 159].
Following acquisition, a 3D Fourier transformation is applied to the data yielding a 3D

frequency spectrum with dimensions F;, F, and F; [31, 153, 159]. The data can be

33



Chapter 2: Techniques

re araton outon n Detect on
t Tm

S
1
S

Fourer

ontour ot

Figure 2.9: Schematic of the 2D NMR experiment [154, 159, 161].

represented as a cube, but practically, two dimensional slices of this cube are used in data
analysis. The following sections describe both 2D and 3D NMR experiments necessary for

the peptide and protein structure determination in this work.

2.3.3 Two Dimensional Spectroscopy of Peptides

In the assignment of resonances and subsequent 3D structure determination of a peptide,
a number of 2D NMR experiments are used. These each differ in their pulse sequence and
hence provide differing structural information. A detailed discussion of pulse sequences is

not provided here, rather the focus is on the information each experiment can provide.

Total correlation spectroscopy (TOCSY) experiments show correlations between all proton
resonances of a spin system. It exploits a phenomenon called cross-polarisation, where
magnetisation is relayed between scalar coupled (through-bond) spins, to correlate all
protons of a spin system [162-165]. Scalar coupling does not occur across the peptide
bond, and as such, each amino acid residue constitutes a single spin system, although

some contain two (e.g. Phe) and others three (e.g. Trp) due to the presence of aromatic
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proton signals which exist as separate spin systems [71, 160]. Analysis of coupled
spins in the TOCSY spectrum allows the amino acid identity to be determined, as each
displays a characteristic pattern of connectivities [154]. By this mechanism, analysis of the
TOCSY spectrum can lead to the the assignment of most proton resonances. If there are
overlapping signals in the spectrum, correlated spectroscopy (COSY) experiments can be
used to unambiguously assign resonances [166]. COSY spectra show interactions between
protons that are two or three bonds apart, by a process known as spin-spin coupling

[154, 167, 168].

Once the spin-systems have been identified, nuclear Overhauser effect spectroscopy
(NOESY) experiments can be utilised to connect the spin systems together. The nuclear
Overhauser effect (NOE) refers to the change in intensity of an NMR resonance, as
a result of cross-relaxation (dipolar coupling), when a nearby resonance is irradiated
[71, 154, 160, 169, 170]. NOESY experiments are utilised for the assignment of amino
acid residues in a polypeptide and provide distance restraints for structure calculations
(Sections 2.3.6 and 2.3.7). The relative intensity (I) of a NOESY cross-peak is related to

the inter-atomic distance (r) by the relationship shown below.
Tocr™® (2.10)

As a result, the NOE intensity dramatically decreases when the dipolar coupled spins are
further apart. Consequently, the maximum observable spatial separation between spins is

approximately 5 A [71, 154].

2.3.4 Heteronuclear Correlation Spectroscopy

Heteronuclear correlation spectroscopy provides information about the coupling between
a heteronucleus (such as *C or °N) and a proton. Coherence transfer is used in these
experiments, like the COSY experiment, but the magnetisation is now transferred between

a proton and a heteronucleus [154, 171, 172].

The most commonly encountered experiment of this type is the Heteronuclear

Single-Quantum Coherence (HSQC) experiment which gives the identity of a heteronucleus
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and its directly attached proton [154]. 1*C HSQC experiments can be used for assigning aC
resonances in a peptide or protein whilst >N HSQC experiments are particularly useful in
the analysis of >N enriched recombinant protein samples. In this spectrum, a single peak
is observed for each amide nitrogen/hydrogen pair. Additionally, side chain NH groups are
also detected, with the terminal amine group present in glutamine and asparagine residues

displaying a further two peaks in the spectrum with the same nitrogen shift [31].

The N HSQC is used extensively to track conformational changes in a protein upon
complexation with a ligand of interest. Upon titration with a binding partner, the chemical
shifts of the amide nitrogen and proton will be perturbed due to the change in conformation
that binding induces [173]. These changes can be tracked during the titration series, with
chemical shift changes greater than 0.5 ppm and 0.05 ppm in the N and 'H dimensions

respectively often considered significant [174].

2.3.5 Three Dimensional Spectroscopy of Proteins

Triple resonance experiments are used to assign the resonances of large biological
macromolecules. In 3D spectra, each peak is designated by three coordinates relating
to the chemical shifts of three nuclei (for isotopically enriched proteins, a combination of
H, >N and *C). Each experiment exploits a different path of magnetisation transfer and
thus provides different information. In this work, two experiments were utilised to assign

protein backbone chemical shifts, namely the HNCACB and CBCA(CO)NH experiments.

The HNCACB experiment [175] correlates the *Ca and *Cf resonances with the amide
1H, >N resonances of both the same residue and the preceding residue (Figure 2.10) [31].
For many proteins, this experiment alone allows most, if not all, the 'H, >N, *Ca and *Cp
resonances to be assigned. This is because the *Ca and *Cf shifts provide information on
the amino acid identity whilst sequential connectivities are also indicated in the spectrum.
Interpretation of the spectrum is further aided by the fact that the '*Ca resonances are 180°
out of phase when compared with the *Cf resonances, allowing these to be distinguished

with ease and unambiguously assigned [175, 176].

HNCACB spectra, like all 3D NMR spectra, comprise a cube of data, but in practice,
so-called ‘strips’ of the spectrum are taken and analysed, with each corresponding to a

36



Chapter 2: Techniques

i i
—ST..,, T
P
—N—C,— fN—Ca— —
I I I |
" H
Res uei- Res uei

Figure 2.10: Illustration showing the correlations detected in the HNCACB experiment.
The correlation network is illustrated in red.

cross-peak from the N HSQC experiment (Figure 2.12A). Essentially, the experiment is
15N HSQC edited, with the projection along the *C dimension being a >N HSQC. Each strip
in the spectrum contains four peaks, one for each of the *Ca and *Cf shifts of residue
i and (i -1) (where applicable). Glycine residues are easily identified by this method as
they lack a '3Cf. Alanine, serine and threonine residues can also be easily identified due

to their characteristic *Ca and *Cf3 shifts [31].

The CBCA(CO)NH experiment [177] is similar to the HNCACB experiment, and together
they are the two of the most vital experiments in backbone assignment. The data obtained
from this experiment again comprise amide 'H and N correlations with *Ca and *Cf,
however these are only between the carbons of the preceding residue (Figure 2.11). These
inter-residue correlations are obtained by using the *C spin as a means of coherence
transfer [31]. Therefore, each strip in the spectrum only contains two peaks, correlating

the amide 'H and °N with the *Ca and *Cf3 of the preceding residue (Figure 2.12).
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Figure 2.11: Illustration showing the correlations detected in the CBCA(CO)NH
experiment. The correlation network is illustrated in red. The CO (shown in blue) is used
to transfer the magnetisation only and is not observed in the spectrum.
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Using both the HNCACB and CBCA(CO)NH spectra in concert can allow the assignment of
most backbone amide 'H, °N, *Ca and '*Cf resonances. Inter-residue connectivities in
the HNCACB spectrum can be easily identified by overlaying the CBCA(CO)NH data as the
same inter-residue peaks will appear in both spectra. Those peaks which do not appear in

the CBCA(CO)NH must be due to intra-residue correlations (Figure 2.12C).
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Figure 2.12: Typical strips from (A) HNCACB and (B) CBCA(CO)NH spectra. (C) Shows
the overlaid spectra to demonstrate how they are typically used in sequential assignment.
Peaks in both spectra can be identified as correlations with the preceding residue.

2.3.6 Resonance Assignment

In order to assign the NMR spectrum of a biomolecule, a combination of the 2D (for
peptides) and 3D (for proteins) NMR experiments outlined in Sections 2.3.3 and 2.3.5 are
used along with a combination of the sequential [160] and main chain directed assignment

strategies [178].

Sequential assignment begins by determining the identity of each spin system by comparing
their chemical shift signatures with published cross-peak patterns and random coil shifts
[154, 179]. For small peptides, TOCSY experiments which can correlate all resonances
within a spin system (Section 2.3.3) are particularly useful as they show correlations of all

protons in the amino acid residue to the amide proton. COSY spectra are used in the event

38



Chapter 2: Techniques

of signal overlap as they show connectivities between nuclei up to three bonds apart and

therefore permit ambiguity to be resolved.

After each spin system’s identity has been confirmed, the position of each spin system in
the sequence is determined. For smaller peptides, correlations in NOESY experiments,
which denote spatially proximal protons, are used to determine sequential spin systems by
the presence of cross-peaks corresponding to protons in successive residues. Particularly
useful are correlations to the amide protons of residues, as shown in Figure 2.13 [161].
Alternatively, data from the HNCACB and CBCA(CO)NH spectra can be used to confirm
sequential residues in the fashion outlined in Figure 2.12, even before the identity of each

spin system has been determined.
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Figure 2.13: The NOE connectivities used to sequentially assign spin systems.
Inter-residue NOE connectivities are denoted using the nomenclature dyp(; j), which
represents the distance between two protons A and B on residues i and j. Adapted from
[160].

In the assignment of a larger protein using the 3D NMR spectra described (Section 2.3.5),
this approach becomes more problematic as most residues have similar *Ca (typically
53-58 ppm) and *Cf (typically 28-33 or 38-42 ppm) chemical shifts [180]. Consequently,
only those residues with distinct and unique *Ca and *Cf shifts can be tentatively
assigned. These include, (i) Ser and Thr, which have *Cf chemical shifts more downfield
than those of their *Ca, (ii) Val, Ile and Pro, which typically have *Ca chemical shifts
greater than 60 ppm, (iii) Ala, with its characteristically upfield *Cf3 chemical shift, and,
(iv) Gly, which does not have a *Cf3, and its *Ca chemical shift appears at about 45 ppm

[31]. Consequently, the main chain directed assignment strategy is often used.

The main chain directed assignment strategy [178, 181] involves the assignment of
sequential spin systems before determining their amino acid identity. After the spin
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systems have been ordered, they can be aligned with and assigned to the known amino
acid sequence. Where there are a large number of residues with similar chemical shift

signatures, this approach is particularly useful.

2.3.7 Secondary Structure Analysis using NMR Spectroscopy

After assignment of the NMR spectra, the information-rich data which they contain allow
structural conclusions to be drawn about the peptide or protein. These data can also be
used in computational studies to determine the 3D structure. The data analysed in structure

determination is discussed in the following sections.

2.3.7.1 Secondary Chemical Shifts

In NMR experiments, electrons surrounding a nucleus create a secondary magnetic
field opposing B,. Consequently, in regions of high electron density, the applied field
experienced by the nucleus is weaker and a higher field strength is required to bring the
nucleus into resonance. This is termed shielding and causes resonances to occur at different
frequencies (chemical shifts) in the NMR spectrum [71]. Shielding is influenced by primary
structure and also molecular conformation. Thus, individual nuclei will have different
chemical shifts due to their dissimilar chemical surrounds [71, 154, 182]. Consequently,
chemical shift is highly sensitive to 3D conformation and can be used to predict regions of

regular secondary structure.

'H, 13C and N random coil chemical shift values have been determined for the twenty
common amino acids in peptides with no defined secondary structure [179]. The difference
between the observed chemical shift and the equivalent random coil resonance is termed
the secondary shift (Ad). A positive Ao value indicates a downfield shift from random coil

values whilst a negative Ao indicates the opposite.

When A is plotted against the amino acid sequence, regions of regular secondary
structure can be exposed by observing the pattern of A§ [182, 183]. It has been shown
that a-helices display a'H and NH resonances which are upfield (A§ < 0) (a'H shifts
in the order of 0.39 ppm) and a'*C resonances downfield (A§ > 0) from random coil
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values. f3-sheet structures display the converse (a'H shifts in the order of 0.37 ppm)
[182, 184, 185]. Flexible or unstructured regions exhibit little deviation from random
coil shifts (A5 ~ 0) [182, 183]. Smoothing of a'H and a'*C Ads over a window of
+ 2 residues averages out the effects of any local electronic influences, allowing regions
of secondary structure to be more easily identified [183]. Amphipathic a-helices show a
different pattern of NH Ads [184, 186]. Resonances from the hydrophobic face of the helix
have AS > 0, whereas those of the hydrophilic face demonstrate A < 0.42 [184]. Thus,

a periodic variation is seen in these values over 3 to 4 residues.

2.3.7.2 NOE Connectivities

The NOE is the result of mutual cross-relaxation between dipolar coupled spins. Dipolar
coupling is dependent on the distance between the two spins and will only be observed
if the nuclei are close in space (typically less than 5 A) [160]. Inter-residue NOEs are
described using a standard notation dup(; ;; which represents the distance between two

protons A and B on residues i and j.

The most common NOEs are those observed between protons of the same amino acid
residue and between protons of successive residues. Some medium range (2 - 4 residues
apart) inter-proton distances are characteristically short in regions of regular secondary
structure and can therefore be observed in the NOESY spectrum [160, 170, 187]. The
pattern of NOEs in the spectrum can therefore be an indication of regular secondary
structure, as summarised graphically in Figure 2.14 [149, 160, 161, 170].
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Figure 2.14: Standard pattern of NOEs for ideal a-helices and f-strands. The thickness of
the bands indicates the relative intensity of the NOE signal.
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2.3.7.3 Coupling Constants

Scalar coupling is observed between nuclei that are separated by a small number of
covalent bonds. In the 1D NMR spectrum, the coupled signal will appear as a multiplet
with the number of lines equal to (21 + 1) (where I is the spin quantum number of the
neighbouring nucleus), and the spacing between the lines will equal the coupling constant,

J[71, 160, 188].

The peptide backbone dihedral angles ¢ and ) are defined by the atoms shown in Figure
2.15 [154]. The size of the vicinal coupling constant between NH and a'H (CJyp ) iS

related to the ¢ angle by the Karplus relationship below (Equation 2.11).

3T ntar = 6.4c0s*(¢p — 60°) — 1.4cos(¢p —60°) + 1.9 (2.11)

; :
R R

Figure 2.15: The (A) phi (¢) and (B) psi (1)) backbone dihedral angles (shown in red).

The well-defined backbone dihedral angles present in elements of regular secondary
structure mean that the magnitude of *Jyy,y can be correlated with the presence of
any local structural elements [149, 154]. Generally, >Jyy,y values of less than 6 Hz
are associated with a-helices and values greater than 8 Hz are associated with [3-sheet
structures [160]. 3Jypy.y values between 6 and 8 Hz are seen in random structure. These

values are perturbed by the presence of Pro residues [154].

Coupling constants can be measured from high-resolution 1D 'H-NMR spectra [154]. In
larger peptides or proteins where signal overlap occurs, they can also be measured from
phase sensitive COSY spectra by measuring the distance between the peak and trough of
the anti-phase signal of the NH-a'H cross-peak [189]. However, coupling constants cannot
be reliably determined by this method if the 3Jy,; value is less than the signal’s line width

[154, 160].
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2.3.8 Structure Calculations

In the calculation of 3D structure, an initial ensemble of structures, typically with random
conformation is generated. Distance and dihedral angle restraints (Sections 2.3.8.1 and
2.3.8.3) are applied from the experimental data, and calculations are performed yielding
a series of structures which are consistent with the NMR data. The quality of the structure
ensemble obtained is then analysed to ensure it is a reasonable representation of the
solution structure. The structure calculations in this body of work were performed using
the program ARIA (Ambiguous Restraints for Iterative Assignment, version 1.2) [190, 191]
implemented with CNS (Crystallography and NMR System, version 1.1) [192]. The

following sections describe the structure calculation process in further detail.

2.3.8.1 Distance Restraints

It is possible to estimate interproton distance (r) between two protons (i and j) from the

NOE signal intensity (I), according to the following equation;

I.=ar® (2.12)

where «a is a calibration factor dependent on the system being investigated. a is calculated
by ARIA in an iterative calculation process [193]. However, a number of other chemical
factors also influence NOE signal intensity, and therefore affect the measured distance
restraints [154]. Because of this, ARIA uses an approach whereby a distance error (&)

is calculated using the simple equation shown below [191, 193].

5:012x@ (2.13)

This yields upper (U) and lower (L) bounds for the measured restraint, as shown below

[191, 193]:

U= rl'j + o
(2.14)
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These distance restraints along with the lower and upper bounds are incorporated into

structure calculations ensuring that minimal violations are observed in the final structures.

2.3.8.2 Ambiguous NOEs

The probability of coincident resonances in the NMR spectrum greatly increases with the
size of the molecule. This prevents the unambiguous assignment of all cross-peaks in the
NOESY spectrum [194]. Ambiguity in resonance assignment greatly reduces structure
quality and may be resolved by applying an iterative approach to structure calculation.
Preliminary calculations are performed excluding these ambiguous NOEs, with the
resultant structures analysed to determine which possible NOEs are not feasible considering
other unambiguous restraints. In this way, ambiguities in which the inter-proton distances
appear unrealistic are excluded from further calculations. This process of refinement
continues so that the ambiguous distances are assigned to specific proton pairs, where
possible [194, 195]. The successive assignment of ambiguous resonances continues until
no further ambiguity can be resolved. These remaining ambiguous assignments are still
utilised in structure calculation by application of sum-averaging [194, 196]. This involves
the ambiguous peak being treated as a combination of each possible contributing NOE
signal, thereby defining multiple restraints. Although less accurate, overall structure
quality is improved as it allows information in ambiguous restraints to be utilised and

not simply discarded [194].

2.3.8.3 Dihedral Angle Restraints

Equation 2.11 in Section 2.3.7.3 details the relationship between the ¢ dihedral angles and
the 3Jy .y coupling constant [197]. Consequently, coupling constant data can be used in
addition to NOE data to provide additional restraints for structure calculations. Dihedral
angles are typically restrained over ranges according to: 5 Hz < 3Jyyn < 6 Hz, ¢ -60° £
40°%; 3 Iy pay < 5Hz, ¢ -60° £ 30°; 2Jy .y > 8 Hz, ¢ -120° £ 40°. ¢ angles are unrestrained
when 6 Hz < 3Jyy.n < 8 Hz [198, 199]. Ranges are used for these restraints as coupling

constants can be affected by local rotation about N-Ca bonds [154].
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2.3.8.4 Restrained Molecular Dynamics and Simulated Annealing

ARIA employs restrained molecular dynamics (RMD) and simulated annealing (SA)
calculations to find the lowest energy structures of peptides and proteins from NMR data
[194, 200-204]. RMD aims to locate the minimum of a potential energy function which
combines experimentally derived conformational restraints from NMR analysis with terms
describing the forces acting on the atoms of the system [159, 205-207]. The RMD protocol
applies the experimentally derived restraints and simulates the motion of a system of atoms
according to classical laws [194, 200]. Throughout this process, the force on every atom is
calculated using Newton’s equation of motion as they evolve over a series of positions and

velocities;

i iq; (2.15)

where F; is the force on atom i, m; is the mass and a; is the acceleration [153, 205, 207].
An alternate method can also be employed to calculate F; [154];

dv d>?r;

L

where F; is expressed as the derivative of the potential energy (V) with respect to the
position of the atom, r; and a; is expressed as the second derivative of position with respect
to time, t;. Using an appropriate potential energy and the known masses m;, Equation 2.16
is solved numerically for future positions in time, finding the coordinates and velocities of
each atom in the Cartesian plane at successive time periods, t; [154, 207]. Excess potential
energy within the system is converted to kinetic energy throughout the calculations and
removed from the system by coupling to a theoretical heat bath [206]. This process allows

the energy minima of the system (favourable conformers) to be located.

The total potential energy function utilised in the RMD protocol is given by Equation 2.17
[149, 161, 206].
Vtotal = Vcovalent + Vrepel + VNOE (217)
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The V,,,..n: term ensures bond lengths, angles, chirality and aromatic planarity are
maintained within the molecule. When deviations occur from ideal values, higher energy
structures result. The potential energies of the van der Waals forces and Coulombic
interactions are also incorporated into the function, given by V,,,,;. NOE and dihedral
angle restraints (Sections 2.3.8.1 and 2.3.8.3), derived from NMR data, are also integrated,
defined by V5. This ensures that protons with measured distance restraints are separated
by distances close to the restraint value, and that dihedral angles are close to the restraint

values [149, 154, 161, 206].

The RMD procedure is combined with a SA protocol to overcome any local energy minima.
SA involves the system being theoretically heated to a high temperature after which slow
cooling occurs [208]. This process allows local energy minima to be overcome (due to the
additional kinetic energy), allowing the global minimum of the potential energy function
to be reached [161, 206]. Consequently, a more accurate representation of the structure is

obtained.

2.3.8.5 Structure Quality

Once a data set has been utilised to gain an experimentally derived structure, the quality
of the structure ensemble obtained must be examined to ensure it is truly representative of

the solution conformation.

Firstly, restraint violations are examined to indicate if the final structures and the NMR data
concur. The calculated inter-atomic distances are analysed, to ensure calculated distances
agree with restraints from the NOESY experiment, along with the calculated dihedral
angles, to ensure they agree with the experimentally determined dihedral restraints.
Distance restraint violations should be minimal and structures with violations of less
than 0.3-0.5 A are generally considered acceptable [209, 210]. Significant restraint
violations are often observed when there are inconsistencies in the input data [209, 210].
Additionally, if there are few restraints incorporated into structure calculation, there may
be insufficient data to characterise the true structure. Furthermore, when there is a lack of
defined structure, only a few NOEs may be observed in the spectrum. Nonetheless, random

structure cannot be assumed [161, 211].
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The root-mean-squared deviation (RMSD) describes the precision of the overall structure,
by providing a measure of structure convergence. The RMSD measures the closeness of the
individual conformers of the ensemble to the average structure. A lower RMSD indicates
that the structure ensemble likely resembles the actual structure (assuming the structure is

well-defined). Generally, the upper limit for the RMSD is 2 A [211].

Angular order parameters (S) can also be calculated to describe how well-defined the
dihedral angles are over the structure ensemble. The backbone dihedrals ¢ and v (Figure
2.15) are commonly analysed in this fashion. S values are calculated for all dihedral angles
of the structure ensemble. For an angle which does not change over the ensemble, S=1,
while S=0 if the dihedral angles across the structure ensemble are random, indicating a
disordered conformation [212]. Dihedral angles are considered to be well-defined when
S > 0.9 [212]. In addition to dihedral angles, the calculated structures should also be
analysed to ensure that other angles, bond lengths and impropers are consistent with ideal

covalent geometries.

Finally, the dihedral angles ¢ and v for each residue are analysed to ensure that the
combination calculated is sterically allowed. This is done using a Ramachandran plot
[213]. Only certain combinations of ¢ and v are permitted, corresponding to regions
of regular secondary structure (Pro and Gly residues exhibit atypical dihedral angles so
are generally excluded from this analysis) [211]. The Ramachandran plot is divided
into favourable, allowed and generous regions corresponding to the ¢ /v combinations
present in regular secondary structure. High quality structures contain many residues in

the favourable and allowed regions (typically >95 % for well-defined structures) [211].

2.3.9 Solvent Systems for the Structure Determination of Peptides

The biologically important conformation of a peptide which binds membrane-embedded
receptors, or is a membrane active antimicrobial, is the structure which it adopts in a
lipid environment [214-216]. Additionally, many peptides are unstructured in solution,
but upon binding a protein target adopt secondary structure, such as a-helices, due
to the change in chemical environment. As such, solution structures of these peptides

are often obtained in media that induce secondary structure if it has a propensity to
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form. The organic solvent 2,2 2-trifluoroethanol (TFE) [217, 218] and micelles of
dodecylphosphocholine (DPC) or sodium dodecyl sulfate (SDS) [219, 220], are examples
of these types of media. Pure water cannot be used as it destabilises the intramolecular
hydrogen bonding responsible for maintaining secondary structure by forming its own

hydrogen bonds with the peptide [221].

This work uses the zwitterionic, amphipathic lipid DPC, which is capable of forming
micelles once the critical micelle concentration (CMC) of 1 mM is exceeded [222-224].
Approximately forty lipid molecules associate to form a micelle and a number of these
are displaced from the complex upon binding by the peptide [222, 224]. In micelles, the
hydrophilic head groups aggregate forming the surface of the spherical structure, whilst
the hydrophobic tails extend towards the centre of the complex. Micelle solutions may
mimic a membrane environment better than TFE, due to their lipid nature which allows
for mimicry of the lipid-water interface [225], but the large degree of membrane curvature

may result in the disruption of any tertiary structure that is present [226].

2.4 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a well established technique used to characterise
the kinetics and thermodynamics of biomolecular interactions [36, 227-230], by exploiting
the fact that most chemical reactions or physical changes (such as binding events) involve
a change in heat or enthalpy. ITC directly monitors heat changes, which are then used
to determine binding affinity (K,), enthalpy changes (AH) and stoichiometry (n). Other
thermodynamic parameters (Gibbs free energy changes, AG, and entropy changes, AS)

are then determined mathematically using the relationship [36];

AG = —RTInK, = AH — TAS (2.18)

where R is the gas constant and T is the temperature (Kelvin).

A typical isothermal titration calorimeter contains two coin shaped cells, a sample cell
and a reference cell, enclosed within an adiabatic chamber (Figure 2.16). The reference

cell is filled with deionised water and the sample cell contains a buffered solution of one
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binding partner. The second binding partner is loaded in a syringe and is titrated into the
cell. The syringe is fitted with a stirrer to ensure efficient mixing in the sample cell. The
entire system, i.e. both the cells and adiabatic chamber, are maintained at an identical

temperature throughout the experiment by using thermcouple circuits [229].

The thermocouple circuits detect temperature differences between the two cells and also
between the cells and the adiabatic chamber. Thus, the heat change involved in a binding
event can be is directly determined by measuring the amount of power required by
heaters to maintain isothermal conditions (Figure 2.16) [36, 229, 231]. In the event of
an endothermic binding event occurring in the sample cell, the temperature decrease is
detected triggering an increase in the power supplied to the sample cell heater to maintain
isothermal conditions. The opposite is true for an exothermic binding event, where the
temperature increase will deactivate the power supplied to the sample cell and its heating
(Figure 2.16). The initial additions of titrant will cause large endothermic or exothermic
signals as all the ligand binds to the binding partner in the cell. Hence, subsequent
injections result in decreased signal intensity due to saturation of the binding partner [232]

(Figure 2.16).

The heat (q) evolved or absorbed as a result of each injection of ligand into the sample
cell is measured using the heat compensation principle [232], which measures the power
(units of ucal.sec™!) necessary to maintain isothermal conditions. Thus, the integral of the
area under each injection’s corresponding peak is used to calculate the heat change. For a
single-site binding interaction (i.e. n=1), the heat change can be correlated with a variety

of thermodynamic parameters using the equation [227];

_ [M]VoAHRK, [Lp]
I TR L] @19

where [M;] is the concentration of the macromolecule in the sample cell, V, is the volume
of the cell, AHy is the enthalpy change of binding per mole of ligand, K, is the binding
constant, and [Lz] is the concentration of free ligand. However, experimentally it is the
total concentration of ligand that is known ([L;]), which is the sum of [L;] and the amount
of bound ligand ([Lg]). Consequently, more complicated relationships are used to correlate
q with thermodynamic and kinetic parameters, by calculating [L;] from known, measured
quantities, as detailed elsewhere [227, 229, 231, 233]. Algorithms in the supplied software
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Figure 2.16: Schematic diagram of a typical ITC apparatus. The syringe plunger injects
precise volumes of titrant, and acts as a stirrer during the experiment. Power is applied to
the sample cell to ensure it maintains the same temperature as the reference cell, which
gives the instrument signal. A typical output from an exothermic interaction is shown.
Adapted from [230].

use these equations, and others, to find values of K, and AHy that are in agreement with

the experimentally determined g values for each injection [233].

Repetition of the titration at different temperatures allows the change in specific heat
capacity (AC,) of the binding reaction to be determined, by exploiting the relationship
[232, 234];

_ 5AH,

AC, = — (2.20)

where & A Hj is the rate of change in AHy and 6 T is the rate of change of temperature.
AC, is a vital thermodynamic parameter as it determines the magnitude of AHg and AS.
It can also be used to give an indication of the type of interaction occurring. For example,
large and negative AC, values which are coupled with favourable entropy changes are

often an indicator of hydrophobic binding interactions [235, 236].
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2.5 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy gives structural information about peptides, proteins
and other molecules by exploiting the fact that they are chiral, and that all chiral molecules
absorb left and right circularly polarised light to different extents [237, 238]. The
technique can be utilised to investigate protein structure by measuring this difference in
absorption of left and right circularly polarised light as a function of wavelength. Typically,
the ranges 320-260 nm (near-UV, not discussed further) and 240-180 nm (far-UV) are used

to give information about tertiary and secondary structure, respectively [239].

To measure a CD spectrum, plane polarised light is passed through an optically active
substance [32, 238-240]. This light is considered to be comprised of equal parts left and
right circularly polarised light (Figure 2.17A). If one of these components is absorbed more
than the other due to the chiral nature of the sample, the light emerging will be elliptically
polarised (Figure 2.17B). Additionally, due to differences in their refractive indices, the two
components of the light travel through the sample at different velocities. Consequently, the
plane polarised light is rotated by an angle a, an effect termed optical rotation (Figure

2.17B).

The ellipticity (6, measured in degrees) can be measured by a CD spectropolarimeter by
determining the difference (AA) between the absorbance of the left (A;) and right (Ag)
circularly polarised light [32]. This information is converted to 0, using the relationship
below [32].

0 = 32.98AA (2.21)

Alternatively, 6 can be measured directly as the arctangent of the ratio of minor to major

axes of the ellipse (Figure 2.17C) [32].

Generally, CD data are reported as mean residue ellipticity (6y;zy, units deg.cm?.dmol ™),
to correct for any differences in concentration, path length, and the number of residues in

the peptide/protein being analysed, using the equation [32];

0 _ 6 xMx10 (2.22)
MRW = IxcxN, —1 '
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/ /

Figure 2.17: (A) The electric field vector (E) of linearly polarised light can be represented
by left (E;) and right (Eg) circularly polarised components. (B) Passing through an
optically active sample results in E; and Ey being absorbed differently. Adding the two
remaining components gives the resultant electric field vector E, which traces out an
ellipse that has been rotated through an angle a. (C) The ellipticity 0 is the arctangent of
the ratio of the major and minor axes of the ellipse. Adapted from [32, 239].

where M is the molecular weight (g.mol™!), [ is the path length (cm), c is the concentration
(g.mL™1), Ny is the number of residues and 0 is the measured ellipticity (degrees). In this
way, the normalised CD spectra for a given sample can be quantitatively and qualitatively

compared.

In the far-UV region (180-240 nm), the spectra of proteins/peptides are dominated by
transitions of carbonyl group in the peptide bond. There is a weak but broad n-7* transition
at about 210 nm, and an intense 7-7t* transition at approximately 190 nm [239]. Other
chromophores, including aromatic side chains, disulfide bonds and the terminal carboxylic

acid group, do not significantly affect the far-UV spectrum [32].

Regular secondary structural elements give characteristic far-UV CD spectra.
Representative spectra for these secondary structural elements are displayed in Figure
2.18. a-Helices give rise to a curve with a maximum at approximately 192 nm (r-7t*
transitions) and two minima at 208 and 222 nm (n-m* transitions) [238]. [3-Sheet
structures can be recognised by their characteristic spectra with a maximum at 198 nm
and a minimum at 215 nm (n-7* and 7-7t* transitions, respectively), but these can vary
[238]. Finally, random coil structures give rise to a minimum at 195 nm (n-7t* transitions)
[238]. Proteins and peptides that contain multiple secondary structural elements give

spectra that are a combination of these representative spectra, allowing computational
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deconvolution to be performed to estimate the amount of each structural component in

the protein, if required [241].
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Figure 2.18: Representative far-UV CD spectra associated with various types of secondary
structure. Data are from [242].
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Negative Ion Mass Spectrometry Amenable

Chemical Cross-Linking Reagents

3.1 Introduction

Chemical cross-linking (CX) has been used for decades in the study of protein structure
and interactions. It involves the addition of a reactive CX reagent to a native protein
or protein assembly that covalently traps its conformational state. In the early years of
CX, initial studies were conducted in tandem with gel electrophoresis to identify protein
binding partners by their mass [243, 244]. However, it was the development of peptide MS
techniques [39, 68] that provided the catalyst to enhance and refine CX methodologies.
This led to the birth of CX-MS, allowing the cross-linked proteins to be digested with
proteases, efficiently identified and the chemical modifications involved tracked with
residue-level specificity (Section 3.1.1, reviewed in [245-252]). By this technique, the
sites of the cross-links are used to determine maximum distances between amino acid
side chains and develop proximity maps [253]. From these data it is possible to draw
conclusions about a structure of a protein and protein assembly with otherwise limited
structural information [254]. The topologies of numerous protein complexes, both small

and large, have been probed using CX-MS [37].

CX-MS exploits several advantages associated with proteomics-type MS analysis [245,
248, 255, 256]. Firstly, in a CX-MS analysis, peptides produced by proteolytic digestion

are analysed. Consequently, there is theoretically no limit to the size of the proteins or
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protein assemblies that can be investigated. Additionally, only small amounts of protein are
required, and analysis is relatively fast. Moreover, the studies are conducted in solution,
unlike X-ray crystallography, and protein assemblies, such as membrane proteins, can be

investigated which were often considered otherwise intractable.

Broad application of the CX-MS approach has been hampered primarily by analytical
challenges [245, 247-249, 255, 256]. Notably, it is difficult to assign the identity of
cross-linked peptides by mass alone, and detection and identification of the intermolecular
cross-linked peptides, which provide the most structural information, remains difficult due

to their relatively low abundance.

Furthermore, peptide identification and location of the specific amino acids within the
protein that contain the cross-linker modification is hindered by often complex MS
fragmentation behaviour. In addition, there is a need for the development of automated
analysis systems to examine the large quantity of data produced in CX-MS experiments

[247].

Consequently, the development of new methodologies for the identification of cross-linked
peptides is of fundamental importance. Some of these issues can be in part addressed by
CX-MS reagents specifically designed for the desired downstream detection and analysis

application (Section 3.1.2).
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3.1.1 Cross-Linking Strategy

There are many CX reagents available commercially, and many others have been reported
in the literature (Section 3.1.2). Despite their large number, the reagents mostly comprise
the same fundamental building blocks of a spacer arm (the bridge formed between the
two cross-linked sites after the reaction) separating two reactive groups [245, 249, 256~
258]. This type of reagent is termed bifunctional (Figure 3.1A). When a spacer arm is not
present, the reagent is termed ‘zero-length,’ as it covalently joins proximal residues (<3 A)

[245, 256, 258].

All bottom-up CX-MS studies share a common workflow, with minor deviations in the
MS analysis protocol, depending on the CX-MS reagent used (Section 3.1.2) [245-252].
Briefly, the protein or protein complex is treated in its native form with the CX reagent,
covalently trapping its conformational state. Optimisation of reaction conditions, including
concentration, reaction times, and buffers must be performed to ensure a high-yield of
cross-linked material without the disruption of native structure. The cross-linked protein is
digested with a protease, usually trypsin, resulting in a complex mixture of both modified
(by the CX-MS reagent) and unmodified proteolytic peptides. These peptides are analysed
by MS, often LC-MS, to identify the peptide products and determine the identity of any
cross-linked adducts (Figure 3.1A).

The aim of any cross-linking reaction is to form covalent bonds between proximal residues,
however, other reaction products are possible either because both reactive groups in the
linker may not come into contact with an appropriate residue or the reactive groups may
by deactivated prior to reacting (e.g. by hydrolysis). Consequently, the cross-linking
reaction may afford several products, namely dead-end (type 0), intramolecular (type 1)
and intermolecular (type 2) cross-linked peptides, or higher order adducts (Figure 3.1B)
[248, 253, 259].

Each adduct type can provide some structural information. For example, dead-end (type
0) adducts yield information about solvent accessibility, intramolecular (type 1) cross-links
may give information about local structural elements i.e. secondary and tertiary structure,
whilst intermolecular (type 2) cross-links can give distance information that may be used

to define binding interfaces [37, 247, 248, 260]. Together, this information can be used to
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generate distance constraints, allowing the structure of a protein or protein complex to be

approximated, as a pair of cross-linked residues must be within a certain distance of each

other, as determined by the spacer arm length.
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Figure 3.1: (A) The CX-MS workflow showing the general structure of a CX-MS reagent
(PDB:1KFK [261]). (B) Peptides that can be observed after cross-linking and proteolytic
digestion [248].
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3.1.2 Cross-Linking Reagents

As previously described (Section 3.1.1), the most commonly used CX-MS reagents are
bifunctional and contain two reactive groups (Section 3.1.2.1) separated by a spacer arm
of defined length. Even though CX-MS reagents often contain the same basic structural
elements, additional functionality is often included in their design to enable successful

downstream MS analysis (Section 3.1.2.1).

3.1.2.1 Cross-Linker Reactivity and Design

There are numerous CX reagents available commercially and others have been described
in the literature. However, the reactions of all these CX reagents with proteins are based

on a small number of organic chemical reactions [245, 249, 255-257].

The most commonly encountered reactive group amongst the many studied CX reagents
is the N-hydroxysuccinimide (NHS) ester (Figure 3.2). These activated carboxylic acid
moieties are acylating agents [245, 249, 253, 255-258], and have been utilised as CX
reagents for over 35 years [262, 263]. Most NHS ester CX reagents are insoluble in
buffered aqueous solutions, so are dissolved in an organic solvent before being diluted
into a solution containing the protein(s) of interest [245]. Alternatively, water-soluble
sulfonated derivatives have been developed to avoid the use of organic co-solvents [264].
The NHS moiety is highly labile, with a half life of several hours at physiological conditions,
and reacts with nucleophilic sites on proteins resulting in the release of NHS (Figure 3.2)
[245, 256-258]. These reactions afford stable amide and imide bonds when reacting with
primary or secondary amines respectively, including those at the protein N-terminus, and
on Lys side chains. It has also been shown that NHS esters are susceptible to nucleophilic
attack by the hydroxyl groups of Ser, Thr and Tyr residues to form stable ester linkages
[265, 266], although these processes are less common and often dependent on reaction

conditions.

There are many alternate amine reactive groups that are incorporated into CX reagents,

including aldehydes, imidoesters, carbodiimides, and other activated esters, however, these
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Figure 3.2: The general reaction of an NHS-ester with a free amine on a protein.

are less commonly used due to their decreased cross-linking efficiency [245, 249, 253, 255-

258].

Other residue specific reactive groups may also be incorporated into CX reagents,
such as the maleimide functionality which selectively reacts with the sulfhydryl moiety
of Cys residues [245, 249, 253, 255-258]. Alternatively, aryl azides, diazirines or
benzophenones may be incorporated into cross-linker designs, which form reactive species
upon photoactivation that non-specifically insert into chemical bonds [245, 249, 253, 255-
258].

Finally, zero-length oxidative cross-linking techniques have been developed that are
mediated by high-valent Ru metal complexes. This technique is called photo-induced
cross-linking of unmodified proteins (PICUP) [267] and has been particularly useful in the

study of oligomerisation processes that precede disease related fibril formation [268, 269].

Homobifunctional CX reagents contain two of the same reactive groups, and allow
cross-linking between identical functional groups in a protein. However, they can produce
a large quantity of unwanted side products and can potentially form high molecular
weight aggregates in solution [245, 256, 258]. Consequently, reaction conditions must
be optimised to ensure the 3D structure is not perturbed whilst obtaining a high yield of

cross-linked peptides.

Heterobifunctional CX reagents contain two different reactive groups and therefore target
two different functional groups on the protein. These reagents are often used in a
two step cross-linking protocol, where one protein is activated with the cross-linker,
excess reagent is removed, and the binding partner added. This reduces the number of
unwanted cross-linked peptides that are produced, however it is not a suitable approach
for CX reagents containing extremely labile reactive groups [245, 256, 258]. Often,

heterobifunctional reagents contain both NHS ester and photoreactive groups, thus the

59



Chapter 3: Negative Ion Amenable CX-MS Reagents

NHS ester can be allowed to react with the protein and excess cross-linker removed before

photoactivation [245, 256, 258].

When three functionalities are present in a cross-linker it is termed trifunctional. Often
these comprise two different reactive groups in addition to a third substituent that is used
for affinity purification, allowing enrichment of the cross-linked peptides and consequently

easier detection [270-277].

3.1.2.2 Identification of Cross-Linked Peptides

Detection and identification of cross-linked peptides by MS remains the primary analytical
challenge associated with the technique. These issues arise primarily due to the complexity
of the peptide mixture, the relatively low abundance of cross-linked peptides and their
often complex fragmentation behaviour. Consequently, various approaches have been
developed to aid this identification process. These include the development of trifunctional
CX-MS reagents (Section 3.1.2.1) and the use of various isotope labelling strategies
[278-282]. These methods, however, often yield complex, difficult to analyse MS/MS data,
as the intermolecular cross-links consist of two peptides covalently joined and product ions

from both peptides overlap in the spectrum [283].

To address issues with sequencing by MS/MS, CX-MS reagents have been developed
which can be cleaved either by CID [275, 283-288], or chemically prior to MS analysis
[274, 279]. CID cleavable cross-linkers may afford products corresponding to a reporter
ion of known m/z [275, 285], or cleavage of the cross-linker at a defined position may
give product ions corresponding to each of the two linked peptides which can each be
sequenced independently by MS" [284, 286, 287, 289, 290]. In certain designs, both
cleavage strategies are used [275, 291]. An example of each type of CX-MS reagent is

discussed below.

Dithiobis[succinimidyl propionate] (DSB also known as Lomant’s reagent) (Figure 3.3)
has been shown to fragment about the disulfide when subjected to CID [288]. As a result,
disulfide cleavages are observed in addition to ordinary backbone fragmentations upon

collisional activation. The fragmentation produces two ions with a characteristic mass
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spacing (66 Da) that can be used for cross-link identification. This is not an ideal approach
as high collision energies are required to effect this cleavage and consequently sequencing
is hampered by the complex fragmentation behaviour of the cross-linked peptides. In fact,
in this previously published study, sequencing was achieved by first chemically reducing

the disulfide prior to a second MS/MS analysis [288].
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Figure 3.3: The cleavable CX-MS reagent DSP

It is anticipated that a negative ion approach can be applied for DSP as fragmentation
of a disulfide differs in the negative ion mode, which may prove more useful to identify
intermolecular cross-links by DSP. This is the subject of investigation in this chapter (Section

3.1.3).

The CX-MS reagent disuccinimidyl sulfoxide (DSSO) (Figure 3.4) contains two labile bonds
that cleave prior to the backbone, on either side of the sulfoxide group [284]. These
cleavages are favourable and occur at low energies, thus releasing the two peptide halves
that are involved in the cross-link. This allows each peptide to be sequenced individually
by MS", as cleavage of the C-S bond occurs at collision energies lower than those required

to fragment the peptide backbone. The ions produced are abundant and easily identifiable.
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Figure 3.4: The cleavable CX-MS reagent DSSO.

Finally, an example of an MS cleavable CX-MS reagent which ejects a reporter ion of
known m/z, is shown in Figure 3.5 [275]. This particular compound contains two
NHS-ester reactive groups separated by a specially designed spacer arm based around two
RINK moieties, and is referred to as the protein interaction reporter (PIR) [292]. After
conjugation and proteolysis of the cross-linked proteins, mass spectrometric analysis of the
cross-linked peptides is conducted, and as the reagent contains two labile bonds which can

be cleaved by CID (Figure 3.5). Intermolecular cross-linked peptides are easily recognised

61



Chapter 3: Negative Ion Amenable CX-MS Reagents

as they eject a central reporter group (m/z 711, m/z 828 for a dead-end peptide). This

process also separates the two peptide halves so they can be individually sequenced.

Figure 3.5: The cleavable PIR CX-MS reagent. The MS cleavable bonds are indicated
[275].

3.1.3 Negative Ion Fragmentations of the Natural Cystine Disulfide

The negative ion MS cleavages of underivatized peptides have been well studied and are
outlined in Section 2.2.6.2. It has been shown that CID of symmetrical intermolecular
disulfide bonded peptides in the negative ion mode results in facile fragmentation,
affording a maximum of four product ions (denoted A to D), corresponding to cleavages
at or adjacent to the disulfide bond (Figure 3.6, Scheme 3.1) [140, 293, 294]. These
cleavages are effected by either an enolate anion or by an anion situated directly adjacent
to the disulfide, and are amongst the most energetically favourable of all the negative ion
peptide cleavages studied [294]. Consequently, these fragmentations occur in preference

to backbone fragmentation at low collision energies.

O=0

Figure 3.6: Low energy MS/MS spectrum of intermolecular cystine disulfide linked
Ac-AACA ([M-H]™ m/z 749). Product ions A to D are observed in the spectrum (Scheme
3.1). Q-Tof 2 mass spectrometer.

Proteomics studies generally shy away from using negative ion MS for peptide sequencing,
as collisional activation of peptide anions generally produces dominant side chain induced
fragmentations (Section 2.2.6.2) [136, 140]. Conversely, in the positive ion mode,
collisional activation yields predominantly characteristic backbone cleavage cations, which
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Scheme 3.1: Characteristic fragmentations of the natural cystine disulfide [294]. Masses
of the ions are indicated relative to fragment anion A (denoted by the arbitrary mass, M).
Structures of product anions B and D can be rationalized directly from the proposed
reaction mechanisms, whilst anions A and C are formed by charge transfer via an
ion-neutral complex.

are well suited to peptide sequencing. Despite this, similar information can be obtained
from both ionisation modes, and notably, it has been shown that negative ion MS is a
superior to positive ion MS in the mapping of disulfide bonds and other post-translational

modification in peptides and proteins [293-296].

It is proposed that the facile cleavages of the cystine disulfide (Scheme 3.1) could form the
basis of a negative ion cleavable cross-linking approach. Consequently a CX-MS reagent
with similar structural features to the natural cystine is required, such as the previously
discussed DSP (Figure 3.3), which contains a core structure analogous to the natural
cystine. Consequently, it should fragment in a similar fashion (Scheme 3.1), with both
the initiating enolate and -~ CH-S-S- anion sites situated on the linker. Exploiting the facile
cleavages in this approach is ideal as breakage of the cross-link can be initiated by up to four
anions (two on each side of the disulfide), yielding four ions for each peptide involved in
the cross-link. These processes should occur at collision energies lower than those required
to fragment the peptide backbone, be easily recognizable by the characteristic product ions
produced (even when all four possible products are not observed), and allow for the exact
location of the cross-linking site to be identified by standard negative ion sequencing of the

resultant anions (by MS®), making data analysis reliable and fast.

This reagent has been chosen for this study as it has well-established cross-linking
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characteristics. Additionally, MS/MS analyses of this reagent in the positive mode have
been utilized to identify peptide cross-links [288] (Section 3.1.2.2) and it is intended to

demonstrate that negative ion MS is superior to this positive ion approach.

A summary of the fragmentations expected at low collision energies for the cross-linked
adducts of DSP shown in Scheme 3.2. In brief, intermolecular cross-links are expected to
fragment like the natural disulfide, with each peptide of the dimer yielding up to four
product ions upon CID. Intramolecular cross-links cannot fragment in this manner, as
disulfide cleavage will not yield a product ion of changed mass. Instead, characteristic loss
of H,S, is expected [293], in addition to side chain induced backbone cleavages. Dead-end
adducts, where one end of the cross-linker reacts with the protein and the other end is
hydrolysed, will give low mass losses upon collisional activation, corresponding to the
facile cleavages of the hydrolysed disulfide cross-linker. To differentiate the cleavages of
the cross-linker from those of the natural cystine disulfide (Scheme 3.1), ions from the
cross-linked adducts analogous to those of the natural cystine are labelled according to the

nomenclature in Scheme 3.2.
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Scheme 3.2: Summary of the expected fragmentations for DSP cross-linked peptides in
the negative ion mode.
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3.2 Aims

In order to utilise cross-linking reagents that contain CID labile groups to aid in
cross-link identification, it is imperative that the diagnostic fragmentation pathways of
the cross-linked products are understood. Consequently, one aim of this chapter was
to investigate the negative ion MS fragmentations of several disulfide-containing CX-MS
reagents, to ensure that their characteristic fragmentations enable the reliable identification

of cross-linked adducts.

Additionally, there are many other side chain specific low energy fragmentations unique
to the negative ion mode, that may compete with CX-MS fragmentation. Consequently,
an additional aim of this work was to perform a systematic study to identify any of these
processes that may interfere with cross-link identification in a peptide adduct of unknown

sequence.

The combination of these two studies is necessary to validate the use of negative ion MS as
a suitable analytical technique to identify cross-linked adducts and map protein interactions

with residue level specificity.
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3.3 Results

3.3.1 Cross-Linking of Ac-IR7 with DSP

To experimentally ascertain the low-energy CID fragmentation of intermolecular cross-links
introduced by DSE cross-linking reactions were performed on a model peptide system
named Ac-IR7 (Ac-IEAEKGR, 843.94 g.mol '), under solution conditions known to
generate high yields of the cross-linked adducts. This peptide contains only one free amine
group that is available for cross-linking, meaning only one intermolecular cross-linked
product is possible. Whilst this is not a biologically relevant system, it is an established
model to validate NHS-ester containing cross-linking strategies and to define the
characteristic fragmentations of the resultant adducts [284, 297]. As expected, following
the cross-linking reaction, intermolecular cross-linked peptides, dead-end products and
unreacted peptide were present. Intermolecular cross-linked peptides were identified by
the expected mass (m/z 1860), and MS/MS data were recorded at low collision energy

(Figure 3.7).

Ac-IEAEKGR
0]
(M-H)
100 alop S\S 1850
¢ 928’
> 8969\9830 o
| 962 Ac-IEAEKGR
0Tt \\L\\\‘\\ ““\“““““\“‘M‘J‘
600 800 1000 1200 1400 1600 1800
mass

Figure 3.7: Low energy MS/MS of DSP cross-linked Ac-IR7 ([M-H]™ m/z 1860) results in
the production of four major product ions corresponding to cleavage about the disulfide
bond (Structures of product ions A’ to D’, as indicated, are described in Scheme 3.3).

It can be seen that intermolecular cross-links introduced by DSP fragment in an analogous
fashion to the natural cystine disulfide (Scheme 3.1), with all four possible product
ions observed in this case (Figure 3.7), as described in Schemes 3.2 and 3.3. The four
characteristic product ions, A’ to D’, are easily recognizable in this instance, allowing rapid
identification of the intermolecular cross-linked peptides.
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Scheme 3.3: Structures of Ac-IR7-DSP adducts. Fragment anions A’ to D’ correspond to
anions A-D in Scheme 3.1.

For comparison, the positive ion electrospray MS/MS data are shown in Figure 3.8.
Two peaks with a 66 Da mass difference are observed in this spectrum as a result of
fragmentation about the disulfide bond. This fragmentation has been previously been used
to identify DSP cross-links using positive ion MALDI MS [288]. However, these signals are
difficult to observe since they occur in addition to the abundant backbone fragmentations

which dominate the spectrum.
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Figure 3.8: Positive ion MS/MS spectrum of DSP cross-linked Ac-IR7 (m/z 1862) is more
complex than the corresponding negative ion mode spectrum. Two peaks with a 66 Da
mass difference are observed as a result of fragmentation about the disulfide bond.
However, these signals are easily overlooked due to the abundant backbone
fragmentations which dominate the spectrum.

68



Chapter 3: Negative Ion Amenable CX-MS Reagents

It is possible to sequence the intermolecular cross-linked peptides on the Q-ToF 2 by
performing ‘pseudo MS® experiments’ i.e. MS/MS experiments on product ions created
by capillary-skimmer dissociation in the ion source. Characteristic modifications of the
lysine side chains (where the linker had bound) were observed in the spectrum, which
would allow for the exact location of cross-linking sites to be determined in protein systems
of unknown structure. Analysis of the MS® data from the lowest mass DSP adduct (m/z
896) (A’ in Figure 3.7 and Scheme 3.3) gave data that allowed easy interpretation and
sequencing by the normal backbone cleavages in the negative ion mode (Figure 3.9).
It is also possible to sequence the peptide from the higher mass adducts B/, C' and D’
(Figure 3.7 and Scheme 3.3). As an example, the ‘pseudo MS® spectrum for the B’ adduct
is shown in Figure 3.10. In all cases, the spectra are dominated by side chain induced
backbone cleavages from Glu (the y and 6 cleavages), in addition to the normal backbone
fragmentations (the a and 3 cleavages) [136]. Prominent fragmentations to yield lower
mass cross-linker adducts, or complete removal of the cross-linker moiety is also observed

(Figure 3.10).
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Figure 3.9: MS/MS spectrum of the A’ product ion formed by capillary-skimmer
dissociation (m/z 896) from DSP cross-linked AcIR7 gives peptide sequence information
and cross-link location. Spectrum is magnified as follows; 50 - 880 (x3). Standard
backbone cleavages as well as side chain induced backbone cleavages from Glu (y and &
cleavages) are observed as indicated.
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Figure 3.10: MS/MS spectrum of the B’ product ion formed by capillary-skimmer
dissociation (m/z 962) from DSP cross-linked AcIR7 gives peptide sequence and cross-link
location. The scheme above the spectrum shows the prominent fragmentations to yield
lower mass cross-linker adducts, or complete removal of the cross-linker moiety. Standard
backbone cleavages as well as side chain induced backbone cleavages from Glu (y and &
cleavages) are observed as indicated.

3.3.2 Cross-Linking of Ubiquitin

To further validate DSP as a negative ion MS cleavable CX reagent, the model protein
ubiquitin was cross-linked. Following tryptic digestion, intermolecular, intramolecular and
dead-end cross-links were identified by their m/z (consistent with previous reports [284])
and the characteristic fragmentation behaviour of the DSP cross-linked peptides. Examples
of these characteristic fragmentations are discussed further in subsequent sections based

on cross-link type.

3.3.2.1 Intermolecular Cross-Linked Peptides

MS/MS and ‘pseudo MS® data of a symmetrical intermolecular cross-linked species from

ubiquitin are shown in Figure 3.11. Again, these cross-linked tryptic peptides fragment in
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Figure 3.11: MS/MS spectrum of a symmetrical intermolecular DSP cross-linked peptide
from ubiquitin ([M-H]~ m/z 2864). (A) Low energy MS/MS results in product ions
corresponding to cleavage about the disulfide bond (inset shows an enlargement of the
relevant region of the spectrum, with the disulfide cleavages indicated by A’ to D’); and,
(B) MS/MS of the A’ product ion formed by capillary-skimmer dissociation ([M-H]~ m/z
1399) gives partial peptide sequence information and cross-link location.

an identical fashion to the natural cystine disulfide, showing four product ions indicative
of a symmetrical intermolecular cross-link (c.f. Scheme 3.2). In this case, there is an
additional, overlapping set of four diagnostic peaks observed in the MS/MS spectrum
(denoted A’-H,O to D’-H,0). This is likely due to the prominent side chain cleavage of
Asp [136], which results in the loss of H,O (18 Da) from the product ions which contain

one Asp residue. This phenomenon is investigated further in Section 3.3.4.

Partial sequence information could be obtained for the peptide fragment corresponding to
m/z 1399 (Figure 3.11B), conclusively assigning this intermolecular cross-link. Again, side

chain induced backbone cleavages from Asp and Glu residues dominate the spectrum.

An example of a MS/MS spectrum of a non-symmetrical intermolecular cross-link (m/z
3646) is given in Figure 3.12. This again fragmented analogously to a natural cystine
disulfide, and produced A’ to D’ product ions for both peptide halves. Again, side chain

induced loss of water was seen from each of these product ions as a result of the single Asp
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residue present in each of the peptide halves [136]. The characteristic fragmentations and
the mass of the precursor ion enabled the identification of this intermolecular cross-linked

product.
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Figure 3.12: Low energy MS/MS spectrum of a non-symmetrical intermolecular DSP
cross-linked peptide from ubiquitin ([M-H]~ m/z 3646) shows major product ions
corresponding to cleavage about the disulfide bond (A’ to D’ and A’-H,0 to D’-H,0 as
indicated), and allows for identification of the cross-linked peptides.

3.3.2.2 Dead-End Cross-Linked Peptides

A significant advantage of this negative ion approach is that dead-end cross-linking
products should be readily identifiable as, under low energy CID conditions, they should
produce only small mass losses corresponding to fragmentations of the labile, hydrolysed
disulfide cross-linker. An example of this is given in Figure 3.13, for a dead-end cross-linked
peptide from ubiquitin. Products resulting from cleavages of the hydrolysed cross-linker’s
disulfide bond are observed, as detailed in Scheme 3.2, with a complete description of these
ions given in Scheme 3.4. Again, side chain induced loss of water was seen as a result of
the single Asp residue present in each of the peptide chains [136]. Additionally, in this
case a fragment corresponding to the side chain induced 6 backbone cleavage of Asp10 is
observed (m/z 1208). This process appears to occur competitively with disulfide cleavage,
and consequently cross-linker fragmentations analogous to those from the molecular ion

are also noted from this 5D'° product ion.
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Figure 3.13: Low energy MS/MS spectrum of a dead-end DSP cross-linked peptide
product from ubiquitin shows characteristic fragmentation of the hydrolysed linker
([M-H]~ m/z 1537). Product ions are labelled A’ to D’ corresponding to Scheme 3.2. An
additional set of peaks corresponding to A’-H,O to D’-H,O are also present. Analogous
processes occur from the jon 6D ion m/z 1208 and are labelled accordingly. For a
detailed schematic of these cleavage processes refer to Scheme 3.4.
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Scheme 3.4: Structures of product ions produced by disulfide cleavage of a dead-end DSP
adduct from ubiquitin, as seen in the low energy MS/MS spectrum shown in Figure 3.13.
Product ions are labelled A’ to D’ corresponding to the structures in Scheme 3.2. Product
ions containing Asp (those on the right hand side) also show a side chain induced loss of
water, so an additional, overlapping set of 4 peaks 18 Da lower in mass are observed.
Anions A’ and C’ are formed by charge transfer via an ion-neutral complex.
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3.3.2.3 Intramolecular Cross-Linked Peptides

Intramolecular DSP cross-links, such as the example given from ubiquitin in Figure 3.14,
yield much more complex MS/MS data (summarised in Scheme 3.5). In this example, the
side chain induced backbone cleavage at Asp12 occurs to give m/z 1367. Loss of water
from this species yields m/z 1349. Side chain induced backbone cleavage at Asp5 results in
what is essentially an unsymmetrical intermolecular cross-link, and the disulfide behaves
as such, resulting in fragment anions being produced as outlined in Scheme 3.5. Not all
the possible product ions are observed in the spectrum with the smaller peptide producing
only the C" and D’ type fragmentations in the spectrum (m/z 542 and 544, respectively).
In all of the examples investigated, this is the only case where fewer than the four possible

cleavage products are observed.

This spectrum is complex, yet clearly diagnostic of an intramolecular cross-link, providing

significant information about the identity of the peptide involved.
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Figure 3.14: Low MS/MS CID spectrum of an intramolecular DSP cross-linked peptide
product from ubiquitin ([M-H]~ m/z 1895) shows complex fragmentation behaviour.

mass
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Scheme 3.5: Structures of product ions produced by MS/MS of an intramolecular DSP
cross-linked adduct from ubiquitin. Product ions are labelled A’ to D’ corresponding to the
structures in Scheme 3.2. Anions A’ and C’ are formed by charge transfer via an
ion-neutral complex.
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3.3.3 The Effect of Altering Spacer Arm Length

Reagents of different spacer-arm length are often utilised in CX-MS studies so
that variable distance restraints can be used in molecular modelling. To address
this, the disulfide containing reagents dithiobis(succinimidyl)acetate (DSA) and
dithiobis(succinimidyl)butanoate (DSB) (Figure 3.15) were synthesised by esterification
reactions starting from the corresponding diacid. These reagents differ from DSP by
the number of methylene groups in the spacer arm. It was anticipated that the similar
structural features of the three cross-linking reagents, DSBE DSA and DSB, mean they will
have similar reactivity and fragmentation behaviour. The fragmentations of these novel CX
reagents are discussed in this section, to determine if they are suitable for this negative ion

CX-MS approach.

o)
) 0
N,OWS,S%O,N
o) o)
o

DSA n=1
DSP n=2
DSB n=3

Figure 3.15: Structures of the disulfide containing CX-MS reagents DSA, DSP and DSB.

To determine the fragmentation behaviour of the intermolecular cross-links of these
reagents, CX-MS studies were performed on a simple model peptide (Ac-AAKA, 401.5
g.mol™1). Figure 3.16 displays the low energy CID MS/MS spectra of Ac-AAKA cross-linked
with the three reagents. DSP cross-linked peptides fragment as previously discussed
(Section 3.3.1), whilst DSA cross-linked peptides display much simpler fragmentation
behaviour. Low energy CID of these species produces only two product ions 2 Da apart,
corresponding to the cross-linker breaking symmetrically at the S-S bond to give C’ and D’
type ions (Scheme 3.6). Low energy activation of the DSB cross-linked peptides did not
lead to fragmentation and application of higher collision energies was required. However,
backbone cleavages were also seen, obscuring the disulfide cleavages (Scheme 3.7). This

is a similar situation to that observed for DSP in the positive ion mode [288].
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Figure 3.16: Low energy MS/MS spectra of (A) DSA, (B) DSP and (C) DSB
intermolecular cross-linked linked Ac-AAKA (401.5 Da) and, (D) high collision energy
MS/MS spectrum of DSB intermolecular cross-linked Ac-AAKA. Product ions A’ to D" are
observed in the spectra as indicated, corresponding to the structures in Schemes 3.2, 3.6
and 3.7. Q-Tof 2 mass spectrometer.
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Scheme 3.6: Fragmentation of DSA cross-linked peptides. Masses of product ions are
indicated relative to anion C’ (denoted by the arbitrary mass, M). Structures of product
anion D’ can be rationalised directly from the proposed reaction mechanisms, whilst
anion C’ is formed by charge transfer via an ion-neutral complex.
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Scheme 3.7: Fragmentation of DSB cross-linked peptides. Masses of DSB product ions are
indicated relative to anion A’ (denoted by the arbitrary mass, M). Structures of product
anions B’ and D’ can be rationalised directly from the proposed reaction mechanisms,
whilst anions A’ and C’ are formed by charge transfer via an ion-neutral complex.
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3.3.4 Competitive Fragmentation Processes

The negative ion MS/MS spectra of peptides are often dominated by several facile side
chain specific fragmentation pathways. This is a unique feature of negative ion MS.
Consequently, it is vital to study these low energy fragmentations which may compete

with cross-linker fragmentation thereby potentially hampering cross-link identification.

Loss of water from the Asp side chain is an extremely facile process in the negative ion
mode [136, 298]. In fact, this process often produces some of the most abundant peaks
in the negative ion spectra of peptides. In addition, Asp often produces side chain induced
backbone fragmentation products, termed 6 and y ions [136]. These facile Asp-induced
fragmentations were observed in the cross-linked peptides of ubiquitin (Section 3.3.2).
Analogous processes also occur from the Glu, Gln and Asn side chains (Asn and GIn lose
NH; from the side chain) [136]. In this section, a systematic study is performed using
model peptides to identify if other unique negative ion side chain fragmentations are
competitive with those of the cross-linker disulfide. To begin with, Asp containing model
peptides with both a natural intermolecular disulfide-bond (Ac-ACADA, Figure 3.17) and
intermolecular cross-links with DSA and DSP (Ac-AKADA, Figure 3.18) were synthesised.

Competitive loss of water is observed in the MS/MS spectrum of the intermolecular cystine
disulfide containing peptide (Figure 3.17), with 8 prominent product ions observed in the
spectrum, i.e. product ions A to D and A-H,O to D-H,0O. The same phenomenon is also
observed in the MS/MS spectra of Asp containing peptides cross-linked with DSP (Figure
3.18B), with an additional, overlapping set of four fragment peaks (A’-H,0 to D’-H,0)
observed in the spectrum (analogous to the natural disulfide case). This has also been
previously observed in the cross-linked tryptic peptides of ubiquitin (Section 3.3.2). An
additional set of peaks are also observed in this spectrum (m/z 383, 415, 417 and 449)
corresponding to disulfide cleavages after side chain induced backbone cleavage at Asp i.e.

disulfide cleavage from the Asp 6 ion.

Shortening the spacer-arm length does not eliminate the competitive loss of H,O from the
Asp side chain completely, and again, cleavage of DSA (Figure 3.18A) occurs competitively
with the loss of water from the Asp side chain. However, the relative abundance of the two

sets of peaks indicates that cleavage of the DSA disulfide is more favourable than that of
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DSP Additionally, product ions from the Asp 6 ion are not observed in the spectrum, again

indicating that the cleavages of DSA must be more facile than those of DSP

O=0

| I Jm

Figure 3.17: Low energy MS/MS spectrum of intermolecular cystine disulfide linked
Ac-ACADA ([M-H]™ m/z 979). Product ions A to D are observed in the spectrum (c.f.
Figure 3.6 and Scheme 3.1) in addition to a second set of peaks, A-H,O to D-H,O.

L

" " " o b "
T T T T T et

c C o

1 n " o
LR R R Ly LR L L L L LR L Ly LR Ll L] L L LR L L LA L Ly LR R L) L Ly L LA L L LR R LA Rl LA LA AR LA LA LA RN LR Rk AR Rt 011

Figure 3.18: Low energy MS/MS spectra of (A) DSA ([M-H]™ m/z 1178) and (B) DSP
([M-H]~ m/z 1207) intermolecular cross-linked linked Ac-AKADA. Product ions A’ to D’
are indicated in the spectra where observed (Schemes 3.2 and 3.6) as well as an
additional set of peaks corresponding to A’-H,0 to D’-H,0 and those following Asp side
chain induced backbone cleavage.

80



Chapter 3: Negative Ion Amenable CX-MS Reagents

The side chain loss of water from Glu, and loss of NH; from Asn do not appear to compete
with any of the DSP or DSA cross-linker fragmentations (Figures 3.19 and 3.20). In these
instances, the spectra only show A’ to D’ type product ions at low collision energies, and

no side chain losses nor side chain induced backbone cleavages are observed.
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Figure 3.19: Low energy MS/MS spectra of (A) DSA ([M-H]™ m/z 1205) and (B) DSP
([M-H]~ m/z 1233) intermolecular cross-linked linked Ac-AKAEA. Product ions A’ to D’
are indicated in the spectra where observed (Schemes 3.2 and 3.6).

81



Chapter 3: Negative Ion Amenable CX-MS Reagents

Figure 3.20: Low energy MS/MS spectra of (A) DSA ([M-H]™ m/z 1176) and (B) DSP
([M-H]~ m/z 1204) intermolecular cross-linked linked Ac-AKANA. Product ions A’ to D’
are indicated in the spectra where observed (Schemes 3.2 and 3.6).

Another negative ion fragmentation that could potentially compete with the low energy
disulfide cleavages of DSA and DSP is the loss of CH,O from the Ser side chain (converting
Ser to Gly). In fact, the MS/MS spectra of Ser containing peptides often show backbone
fragmentations occurring from the [ (M-H) ~-CH,O] fragment anion rather than the parent
ion (M-H)~, demonstrating that this loss is more facile than backbone fragmentations
[140, 144]. To determine if Ser side chain fragmentations are competitive with those
of the CX-MS reagents, the model peptide Ac-AKASA was cross-linked with DSA and DSP.
Competitive loss of CH,O is not observed from the DSA cross-linked model peptide (Figure
3.21A). However, low energy activation of the DSP cross-linked peptide afforded the four
product ions as expected, and relatively low abundance peaks corresponding to the loss of

CH,O0 (Figure 3.21B).
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. m

Figure 3.21: Low energy MS/MS spectra of (A) DSA ([M-H]™ m/z 1122) and (B) DSP
([M-H]~ m/z 1150) intermolecular cross-linked linked Ac-AKASA. Product ions A’ to D’
are indicated in the spectra where observed (Schemes 3.2 and 3.6) as well as an
additional set of peaks corresponding to A’-CH,O to D’-CH,0, as indicated.
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3.3.5 Calculations

The calculations presented in this section were performed by Dr. Tianfang Wang (School

of Chemistry and Physics, The University of Adelaide).

It should be noted that the reaction coordinate profiles in this section all commence at
a nominal energy of 0 kJ.mol~!. However, calculations have shown that a carboxylate
anion is more stable than the enolate, and approximately 105-115 kJ.mol™! of energy is
required for this interconversion to occur by proton transfer [139]. Additionally, conversion
of the carboxylate to an amide anion requires approximately 40 kJ.mol ! of energy [299].
Consequently, the data presented here assume that there is sufficient energy present during
the MS experiment for hydrogen transfer to occur, forming the anions which initiate these
processes. In principle, negative ion cleavages may be charge-remote processes [300], i.e.
not influenced by a charged site. However, no major negative ion cleavages have been
confirmed to occur in this fashion [136, 140], suggesting that these processes proceed by

charge-directed reaction mechanisms as described.

3.3.5.1 Energetics of DSP cleavages

The reaction coordinate profile of the cleavage reaction adjacent to the disulfide in a model
DSP system is shown in Figure 3.22. These calculations were performed to confirm the
relative energetics of the disulfide cleavage processes in DSP compared with the normal
backbone fragmentations, and to allow structures for the resultant anions to be proposed
[301]. The process to yield a B’ anion is exothermic with only a slight transition state
barrier. The data suggest that following bond cleavage, the anion R-S; approaches the
amide hydrogen of the Lys side chain to form a stable ion-neutral complex, resulting in
deprotonation at this site to afford an A’ type anion (in a slightly unfavourable process).
The reaction coordinate profile of the cleavage reaction between the sulfur atoms of the
disulfide is shown in Figure 3.23. The formation of D’ is slightly unfavourable, and again,
ion-neutral complex formation drives charge transfer by deprotonation at the enolate

position to yield C’ in an overall exothermic process.
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Figure 3.22: Reaction coordinate profiles of processes that give A’ and B’ anions (Scheme
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3.2), which proceed via the enolate anion. CAM-B3LYP/6-311+4g(d,p) level of theory.

Relative AG values are in kJ.mol™! [301].
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Figure 3.23: Reaction coordinate profiles of processes that give C’ and D’ (Scheme 3.2),
which proceed via the anion located adjacent to the disulfide on the cross-linker.
CAM-B3LYP/6-311++g(d,p) level of theory. Relative AG values are in kJ.mol~! [301].

3.3.5.2 Energetics of DSA cleavage

Symmetrical cleavage of the DSA linker between the sulfur atoms yields two characteristic
product ions that can be used to easily identify cross-linked peptides by low energy
collisional activation of the precursor ion (Figure 3.16A, Scheme 3.6). Again, the low
energy nature of this cleavage process has been probed using calculations beginning with
a model system deprotonated at the enolate position, to give the C' and D’ ions seen
experimentally (Figure 3.24) [302]. The process is only slightly exothermic and a transition
state could not be found.

e) _
I S i H3CNHCOCH,S + H3;CNHCOCHS + 33 kJ mol!
C \ N /CH3 D'

\ H3CNHCOCH,SH + H,CNCOCHS  + 88 kJ mol-!
c

Figure 3.24: Reaction energetics for cleavage of the disulfide bond in a DSA model
system. CAM-B3LYP/6-311++g(d,p) level of theory. AG relative values are in kJ.mol !
[302].
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3.3.5.3 Energetics of DSB cleavage

The low energy CID MS/MS data show that DSB is not a suitable candidate cross-linker
for this negative ion CX-MS approach, as disulfide cleavage does not occur before
fragmentation of the backbone (Figure 3.16C/D, Scheme 3.7). Consequently, detection
of intermolecular cross-links from these data is cumbersome, and sequencing would be

more difficult by on-line MS™ methods.

Again, calculations have been performed to examine the energetics of these cleavage
processes [302]. Fragmentation between the sulfur atoms of the disulfide bond proceeds
from an enolate anion, via a seven-centre hydrogen transfer transition state (with a modest
energy barrier) to form C’ and D’ type product ions in an overall exothermic processes
(Figure 3.25). For the cleavage process adjacent to the disulfide bond, hydrogen transfer
is again required to induce fragmentation (with a modest energy barrier), to give fragment

anions A’ and B’ in overall exothermic processes (Figure 3.26).

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 3.25: Reaction coordinate profiles for the cleavage between the sulfur atoms of
the disulfide bond in a DSB model system. CAM-B3LYP/6-311++g(d,p) level of theory.
AG relative values are in kJ.mol ™! [302].
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NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 3.26: Reaction coordinate profiles for the cleavage adjacent the disulfide bond in a
DSB model system. CAM-B3LYP/6-311++g(d,p) level of theory. AG relative values are in
kJ.mol~! [302].

The energetics of the DSB cleavage pathways shown in Figures 3.25 and 3.26 suggest that
DSB fragmentation should be more energetically favourable than that of the backbone,
however, this was not observed in the MS/MS data. Consequently, this difference must
be due to alternate factors. It has been shown that this cleavage does not proceed due to
the energy required for deprotonation to occur at the enolate position in DSB [302]. It
can be seen that the Gibbs Free Energy of deprotonation (AG,,;) at the enolate position
of DSB is significantly higher than that for DSA and DSP (Scheme 3.8). In addition, DSA
and DSP enolate formation requires similar energy to the deprotonation process at the
backbone enolate position in a model Gly tripeptide (Scheme 3.8). This suggests that the
population of this DSB enolate anion would be significantly lower than that of the backbone
enolate anion, and the conversion (proton transfer) between these anions would be very
unfavourable. This explains why cleavages of the disulfide bond in DSB do not occur at the

same low collision energies.
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Scheme 3.8: Gibbs Free Energy of deprotonation (AG,.;4) at the enolate position of DSA,
DSB DSB and a peptide (GlyGlyGly) model. AG,;4 values are in kJ.mol .
CAM-B3LYP/6-311++g(d,p) level of theory [302].

3.3.5.4 Energetics of H,O loss from the Asp side chain

The most prominent competitive side chain fragmentations observed in this work are from
Asp residues. Asp-containing peptides have been shown to eliminate H,O from the Asp
side chain and Asp has also been shown to trigger side chain induced backbone cleavage
[136, 298]. In this work, a loss of water that is competitive with the cross-linker disulfide
fragmentation in DSP is particularly prominent. Deuterium labelling studies have indicated
that the loss of water is most likely a consequence of a cyclisation process initiated by an
amide anion of the subsequent residue [136, 298]. This cleavage process occurs from
an amide anion (Figure 3.27) and is slightly exothermic with a modest transition state
barrier [302]. Thus, this cleavage process is similar in energy to that of the disulfide
fragmentations of all three cross-linker systems studied (Figures 3.22 to 3.26), and explains

the competitive nature of these processes.
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Figure 3.27: Reaction coordinate profile for water elimination from the Asp side chain.
CAM-B3LYP/6-311++g(d,p) level of theory. AG relative values are in kJ.mol~! [302].
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3.4 Discussion

This work presents the the first examples of the structural analysis of cross-linked peptides
by negative ion MS. Together, these results indicate that the disulfide-containing reagents
DSA and DSP show promise as CID cleavable cross-linking reagents with analysis in the
negative ion mode, and that this approach can effectively distinguish dead-end, intra- and

inter-molecular cross-linked peptides.

3.4.1 MS Analysis of Cross-Linked Peptides

The data presented herein indicate that this negative ion approach offers a clear advantage
over traditional positive ion methodologies for the identification of disulfide containing
cross-linked peptides from complex mixtures. The cross-linker disulfide in DSA and
DSP cleaves prior to the backbone resulting in the production of product ions that are
characteristic and easy to recognise (c.f. Figures 3.7 and 3.16A/B). This is a result of the
low energy barriers associated with disulfide cleavage (Section 3.3.5) when compared with
those of the backbone a and 8 fragmentations (Section 2.2.6.2), which are endothermic

and must overcome a maximum transition state barrier in the order of 400 kJ.mol ! [136].

Despite the somewhat reduced sensitivity that results from using negative ion MS for the
analysis of peptides, the detectability of disulfides increases substantially due to these
facile, characteristic fragmentations. As a consequence, cross-link identification can occur
with relative ease and the identity of the peptides involved confirmed by sequencing them

individually in the same experiment (by MS?).

All examples of symmetrical intermolecular cross-links by DSP that have been investigated
produce four product ions upon collisional activation (8 ions if unsymmetrical), as well
as those following Asp induced H,O losses (Figures 3.7, 3.11 and 3.12). These four
product ions A’ to D’ are diagnostic, easily recognisable and are amenable to sequencing
by MS? approaches. Thus the presence of some or all of these four ions may be used as a
marker for the identification of intermolecular cross-links, and can provide the exact site of

cross-linking.
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In comparison, dead-end cross-linked peptides show low mass losses corresponding to
cleavage of the hydrolysed disulfide (Figure 3.13). These losses again correspond to
fragmentation processes producing anions of type A’ to D', which can be utilised to easily

recognise a dead-end modified peptide (Schemes 3.2 and 3.4).

Intramolecular cross-linked peptides show much more complex spectra, with side chain
induced backbone cleavages dominating the MS/MS spectrum (Figure 3.14 and Scheme
3.5). However, these spectra show neither low mass losses nor the characteristic disulfide
pattern of product ions upon CID. This complication is not necessarily disadvantageous
as intermolecular cross-links provide little information about the quaternary structures
of the complex and are often not investigated. Additionally, the example given here is
unusual as it contains an Asp residue between the two cross-linked Lys residues, causing
intermolecular disulfide cleavage to be observable following breakage of the peptide
backbone at Asp. Furthermore, in this instance a loss of H,S, is observed in the spectrum
(albeit not from the molecular ion), which is characteristic of an intramolecular disulfide

(Scheme 3.2) [293].

It should be noted that in a previous study where the negative ion cleavages of disulfide
containing proteins were investigated [295], it was shown that all four possible product
ions were not evident in all cases. This indicates that some care may need to be taken
in analysing the low energy MS/MS spectra, as all four possible cleavage products may
not be observed. This may have an effect on the development of high throughput data
analysis methods using this approach, however, the detection of at least two of the possible
fragment anions should provide sufficient diagnostic data to indicate the presence of a

cross-linked peptide.

It should also be noted that positive ion MS has been utilized to identify both naturally
occurring cystine disulfides and cross-linked products of cysteine-based regents [288, 303—
305]. In these instances, disulfide fragmentations occur simultaneously to the backbone
fragmentations used for sequencing [288, 303-305]. Data of this kind make identification
of disulfide-containing peptides time-consuming and difficult. Additionally, it has been
reported that disulfide cleavage may be favoured from the [MH]" ion but not from those
that are multiply charged [306] and therefore this positive ion approach has limited

applicability. In contrast, this negative ion approach to identify intermolecular or dead-end
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cross-linked peptides yields MS/MS data which are simpler, containing primarily fragment
anions corresponding to the facile cleavages of the disulfide, without the complications
of backbone fragmentation. This makes identification and sequencing (by MS?®) of
cross-linked peptides easier than these other positive ion methodologies. Furthermore,
negative ion MS has been shown to have other advantages in peptide sequencing, such
as the detection of other post-translational modifications and the further development of

negative ion methodologies is vital in this endeavour [307].

3.4.2 Competitive Fragmentation Processes

CID labile CX-MS reagents of the type discussed in this chapter rely on the cross-linker
fragmentation to occur at lower energies than any of the backbone cleavages. This allows
the peptides involved in any intermolecular cross-link to be separated and sequenced
independently. However, in the negative ion mode there are a variety of residue-specific
fragmentations, many of which are more favourable than backbone fragmentations (as
detailed in Section 2.2.6.2). Therefore, there is potential for these other interfering
fragmentations to complicate any MS/MS analysis of cross-linked peptides in the negative

ion mode.

The comparable energies of the cross-linker fragmentation and loss of H,O from Asp
(Section 3.3.5) suggest that identification of intermolecular disulfide-linked peptides in
the negative ion mode that contain Asp is likely to be somewhat complicated by the
concomitant water loss and disulfide cleavages. However, it may also prove diagnostic
for the presence of Asp within a disulfide containing peptide and in many cases this, along

with the measured m/z, may be enough to tentatively confirm the identity of the peptide.

Additionally, the data presented herein indicate that loss of CH,O from the Ser side chain
(converting Ser to Gly) is competitive with the low energy disulfide cleavages in DSP
intermolecular cross-linked peptides. The energetics of this side chain loss show (at a
modest level of theory) that it is more energetically favourable than backbone cleavages
[140, 144], and must surpass a maximum barrier of 149 kJ.mol™!. The losses of CH,O
observed in the spectrum here are not as abundant as the side chain losses present in the

MS/MS spectra of Asp containing peptides, and consequently should not interfere with any
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analysis in this negative ion CX-MS approach. Again, the presence of these peaks may prove
diagnostic for the presence of Ser within a disulfide containing peptide and may assist with

assigning the identity of the peptide.
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3.5 Experimental Procedures

3.5.1 Materials

Chemicals and proteins were purchased from Sigma Aldrich (St. Louis, MO, USA)
unless otherwise specified, and used as received. N-9-Fluorenylmethoxycarbonyl (N-Fmoc)
protected amino acids and 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) were purchased from GL Biochem (Shanghai, China).
N,N’-Dimethylformamide (DMF) (AR grade) and piperidine (reagent grade) were
purchased from Merck (Darmstadt, Germany). N,N’-Diisopropylethylamine (DIPEA) and
trifluoroacetic acid (TFA) were purchased from Alfa Aesar (Heysham Lancashire, UK).
Acetonitrile (HPLC grade) was purchased from Scharlau (Sentmenat, Barcelona, Spain).
Diethyl ether and dimethylsulfoxide (DMSO) were purchased from ChemSupply (Gillman,
SA, Australia). Dithiobis(succinimidyl propionate) (DSP) was purchased from Thermo
Scientific (Rockford, IL, USA). Sequencing grade modified trypsin was purchased from
Promega (Madison, WI, USA).

3.5.2 General Procedure: Peptide Synthesis

Peptides were synthesised by standard Fmoc solid phase methods [308] using 2-chlorotrityl
chloride resin (GL Biochem, Shanghai, China) on a 0.05 mmol scale. Sequential amino acid
couplings were performed by incubating the resin in a solution containing 10 equivalents of
the appropriate N-Fmoc protected amino acid (0.5 mmol), 10 equivalents of HATU [309]
(from a 0.5 M solution in DME 1 mL, 0.5 mmol) and 20 equivalents of DIPEA (1 mmol) in
DMF (2 mL) for 20 min at 25°C. The Fmoc group was removed by treating the resin with

20% v/v piperidine in DMF for 2 x 10 min.

Amino acid attachment and Fmoc deprotection were confirmed using the
2,4,6-trinitrobenenesulfonic acid (TNBS) test [310]. This was achieved by removing
a sample of the resin, adding equal quantities of 5 % DIPEA in DMF and 1 % TNBS in
DMF (25 uL) and mixing the sample for 2 min. If after coupling the test was positive, the

N-Fmoc protected amino acid was coupled again under the same conditions.
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The final peptide was released from the resin, with simultaneous removal of protecting
groups, by treatment with TFA/triisopropylsilane (TIPS)/H,0/3,6-dioxa-1,8-octanedithiol
(DODT) (90:3.3:3.3:3.3) at 25 °C for 3 hr. The crude peptide was precipitated by addition
of cold diethyl ether, and isolated by centrifugation. The solid material was washed with

cold diethyl ether, dissolved in 30 % acetonitrile/water and then lyophilised.

3.5.3 General Procedure: Synthesis of Cross-linkers

The appropriate diacid (1.4 mmol), N-hydroxysuccinimide (0.41 g, 3.6 mmol) and
N,N’-dicyclohexylcarbodiimide (0.83 g, 4.0 mmol) were dissolved in 1:1 anhydrous
acetone:dichloromethane (15 mL) and the reaction mixture was stirred overnight at 25
°C. The resultant precipitate was removed by gravity filtration and the filtrate concentrated
in vacuo to afford a powder, which was resuspended in acetone (approx. 2 mL). The
insoluble material was collected and washed with acetone to afford the cross-linker as a

white powder.

Dithiobis(succinimidyl acetate) (DSA). Dithiodiglycolic acid (0.26 g, 1.4 mmol) was used
and DSA was produced as a white powder (0.39 g, 74 %); HRMS m/z calc’d for
[C1,H;,N,05S,+H]™: 377.0108, found 377.0110. 'H NMR (300 MHz, DMSO-d¢) & 2.83
(s, 8H), 4.24 (s, 4H).

Dithiobis(succinimidyl butanoate) (DSB). Dithiodibutyric acid (0.34 g, 1.4 mmol) was
used and DSB was produced as a white powder (0.51 g, 84 %); HRMS m/z calc’d for
[C1eH,N,04S,+H]t: 433.0734, found 433.0745. 'H (300 MHz, DMSO-d,) § 2.00 (q,
J=7.0 Hz, 4H), 2.80 (t, J=7.0 Hz, 8H), 2.81 (s, 8H).

3.5.4 General Procedure: Cross-Linking of Model Peptides

The appropriate peptide (200 nmol) was dissolved in DMSO (200 ul), to give a
concentration of 1 mM. 1 Equivalent of both the appropriate cross-linker (20 uL, from
a 10 mM solution in DMSO) and DIPEA (20 uL, from a 10 mM solution in DMSO) were
added. The mixture was incubated at 25 °C for 5 hr with periodic mixing, before being
concentrated to dryness using a SpeedVac (Savant, Farmingdale, NY). These conditions
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produce high yields of cross-linked products for analysis [284, 297]. The residue was
dissolved in water and desalted by ZipTip (Millipore, Bedford, MA, USA) before MS

analysis.

3.5.5 Cross-Linking of Ubiquitin

A 200 uM stock solution of bovine ubiquitin was prepared by dissolving the protein (1.7
mg) in phosphate buffered saline (PBS) (1 mL). An aliquot (40 uL) was removed and
a ten-fold molar excess of DSP was added from a 10 mM solution in DMSO (4 uL). The
reaction mixture was incubated at 25 °C for 1 hr and digested overnight with trypsin, which
was added in a 1:50 ratio (ubiquitin:trypsin, w/w). The digest was then lyophilised and
desalted by ZipTip (Millipore, Bedford, MA, USA) before MS analysis.

3.5.6 Mass Spectrometry

Nano-ESI mass spectra were acquired using a Micromass Q-ToF 2 (Waters/Micromass,
Manchester, UK) orthogonal acceleration time-of-flight mass spectrometer. Samples were
introduced into the spectrometer using platinum-coated borosilicate capillaries prepared
in-house. Conditions were typically as follows: capillary voltage 1.4 kV, source temperature
80 °C, and cone voltage 30-50 V. Ar collision gas energies of approximately 15-30 eV were
used for ‘low energy’ CID, while ‘high energy’ CID utilized collision gas energies of 30-50
eV. Product ions created by capillary-skimmer dissociation were generated by applying
cone voltages of typically 70 V and were then mass selected for further MS/MS analysis
(described in the chapter as ‘pseudo MS® experiments’). Spectra were deconvoluted using

the maximum entropy algorithm in MassLynx software (Waters, Manchester, UK).

High-resolution mass spectra were acquired using an LTQ Orbitrap XL ETD hybrid mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an nano-ESI
source. Samples were introduced into the spectrometer using platinum-coated borosilicate
capillaries prepared in-house, using a spraying voltage of typically 1.5 kV. A mass resolution

of 30 000 (at m/z 400) was used.
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Chapter 4

Amphibian Peptides That Inhibit

Neuronal Nitric Oxide Synthase

4.1 Introduction

NO is a labile gaseous free-radical that is produced in vivo by NO synthase (NOS)
enzymes [311]. In low concentrations, NO is important as a biological second messenger,
however, at higher concentrations, its major role as a second messenger is overcome
by its cytotoxic properties [312]. NO regulates many important biological processes of
the mammalian immune, circulatory and central nervous systems [313]. These include
controlling vasomotor tone, neurotransmission, cell adhesion, platelet aggregation, and
vascular smooth muscle proliferation [314-317]. Its hydrophobic nature ensures it can
easily permeate membranes and trigger many biological outcomes. This is unlike other

neurotransmitter molecules, which function by exocytosis rather than simple diffusion.

NO has an extremely short half-life (~ 5 sec), making it only available to nearby or
adjacent cells [318, 319]. It is rapidly degraded by oxidation to NO,/NO,, scavenged
by superoxide-generating compounds and can react with superoxide radicals to form the
bioactive peroxynitrite anion (ONOO™) [320, 321]. This all indicates that NO signalling is
not regulated by storage of the signalling molecule, but rather at the synthesis stage itself

[314, 319].
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4.1.1 Nitric Oxide Synthesis

The labile, highly reactive nature of NO means that its synthesis by NOS must be carefully
regulated. Three distinct NOS isoforms exist, namely neuronal NOS (nNOS), endothelial
NOS (eNOS) and inducible NOS (iNOS) [314, 322]. These differ from each other by their
expression mode, primary sequence and calcium dependence [323]. eNOS and nNOS are
generally constitutively expressed and both operate in a Ca®*-dependent manner, but iNOS
irreversibly binds Ca®*, and therefore its activity is mostly independent of intracellular
Ca®* levels [315]. Isoform expression differs between tissue types and interestingly, the
eNOS isoform contains two post-translational modifications allowing it to localise at the

membrane [312].

Each isoform exists as a homodimer [324], with each subunit 130-160 kDa in mass
[311, 314, 325]. Each isoform is encoded on a different chromosome [326], but despite
this, there is a high degree of sequence similarity both between the different isoforms and
also between different species [327-329]. Each isoform contains the same basic domain
structure, with an N-terminal catalytic oxygenase domain and a C-terminal reductase
domain, separated by a calmodulin (CaM) binding region [330]. The C-terminal domain
contains binding sites for nicotinamide adenine dinucleotide phosphate (NADPH), flavin
adenine dinucleotide (FAD) and flavin mononucleotide (FMN), whilst the N-terminal
region contains binding sites for heme (iron protoporphyrin IX), tetrahydrobiopterin (BH,)

and L-arginine (L-Arg) (Figure 4.1) [311, 314, 315, 328, 330].

Figure 4.1: Schematic of the NOS dimer. The oxygenase domains are illustrated as
ellipses. Binding sites are indicated. Adapted from [315, 330, 331].

NOS catalyses a two-step, five electron oxidation of L-Arg, producing L-citrulline and

a stoichiometric quantity of NO. This process occurs though the stable intermediate
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N“-hydoxyl-L-arginine (Figure 4.2) and utilises electrons from NADPH [312, 325, 329].
It has been shown that the nitrogen atom of NO comes from a guanidino nitrogen of L-Arg
and the oxygen comes from O, [314]. Each NOS domain performs a different catalytic
function. The reductase domain transfers electrons from NADPH to the oxygenase domain
of the partner subunit, via the flavins FAD and FMN, where the heme domain is located
[314]. The arrival of two electrons at the heme domain triggers the hydroxylation of L-Arg
to the intermediate N“-hydoxyl-L-arginine. The remainder of the reaction mechanism is
less well understood, but it is known that a further three electrons are required along with
molecular oxygen [314]. Dimerisation of NOS enzymes is necessary for their activity, with
the dimerisation interfaces located on the oxygenase domain of each subunit [330]. It
is proposed that heme incorporation promotes dimerisation and that BH, is necessary for
iNOS dimerisation, but it may not be essential for nNOS or eNOS dimerisation where it
may act as a stabilising molecule [330]. CaM binding to NOS is essential for activation of
the enzyme as it triggers electron transfer to the heme unit by altering the conformation of

the reductase domain, thereby increasing the rate of electron transfer [313, 332-334].

+
HZN\(NH2 HZN\(/N\OH H,N__O
NH NADPH + O, NH 0.5 NADPH + O, NH
%, ;T, + NO
+ 0.5 NADP* + H,0O + 0.5 NADP* + H,O n
HsN™ “COO HsN™ “COO HsN™ ~COO

Figure 4.2: Mechanism of NO production by NOS enzymes. Adapted from [311, 312].

NO production is stringently regulated, albeit by different mechanisms for each NOS
isoform. Both eNOS and nNOS are constitutively expressed and mostly regulated by
intracellular Ca®" levels [317, 320, 324]. Basal Ca** levels are insufficient for NOS activity,
and influx of Ca?* from the extracellular environment or from intracellular stores is quickly
bound by CaM, triggering a conformational change in the protein which enables it to bind
to NOS and activate the enzyme [315, 329]. This makes NO production largely the result of
signalling cascades that result in Ca*" influx. Conversely, CaM binds irreversibly to iNOS,
making its activity largely independent of intracellular Ca*" levels, however, increased

intracellular Ca** levels do promote a slightly increased activity [315]. As a result, the
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activity of this enzyme is generally regulated at the stage of transcription, which is induced
by the receipt of a suitable stimulus [328, 335]. It is also thought that phosphorylation of
nNOS may also play a role in regulating its activity [336], and it is proposed that when
intracellular Ca®" levels remain high for extended periods NO production is downregulated

by phosphorylation of nNOS [336].

4.1.2 Calmodulin

CaM is a small, ubiquitous, highly conserved regulatory protein that is involved in many
Ca**-dependent processes in most eukaryotic cells [337-340]. It has the ability to bind
and activate numerous target proteins such as myosin light chain kinases, CaM-dependent
protein kinases, calcineurin, NOS, the plasma membrane Ca®' pump and a variety of
ion channels [337, 341-343]. It is currently estimated that over 300 proteins contain
CaM-binding motifs [344, 345]. Activation of these targets enables CaM to regulate
physiological processes such as cell cycle control, muscle contraction, transcription, cyclic

nucleotide metabolism, nitric oxide production and ion movement [346, 347].

CaM is able to perform its regulatory function due to its ability to act as a cytosolic Ca**
sensor and bind four Ca*" ions in a cooperative fashion with high affinity (K; from 1077 to
10711 M) [337, 348]. Upon Ca**t influx from the extracellular space or intracellular stores
(such as the endoplasmic reticulum) the intracellular Ca*" concentration increases from its
resting level of 1077 M to approximately 107 - 107> M resulting in Ca®* binding at the four
EF hand (Ca*" binding domain) regions located at the lobes of CaM (to afford holo-CaM)

[342]. This triggers a conformational change to the active configuration (Figure 4.3).

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 4.3: Schematic representation of the 3D structure of (A) apo-CaM (PDB: 1CFD)
[349], (B) the dumbbell structure of holo-CafﬁCaM (PDB: 1CLL) [350] and (C) a
globular structure of holo-Ca?ﬁCaM (PDB: 1PRW) [351].
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The first crystal structure of CafﬁCaM was published in 1985 [352] and since this
time numerous X-ray and NMR structures of the protein from a variety of species have
been reported [350, 353-355]. A high degree of structural similarity is observed in
all the reported structures, with many describing the characteristic dumbbell structure
with N- and C- terminal globular domains separated by a central helical region (Figure
4.3B) [337, 356]. X-ray studies had initially shown that this central region adopted a
complete 8 turn a-helix, however, there is significant deviation from normal a-helical
dihedral angles in the centre of this helix and kinks have also been observed in some
of the reported structures, suggesting a degree of flexibility. The presence of a central
uncoiled linker region was confirmed by a number of techniques, including limited
trypsin digestion, small angle X-ray scattering, hydrogen-deuterium exchange, nuclear
Overhauser effect analysis, chemical shift analysis and NMR relaxation studies [357-362].
Additionally, structures of Caﬁ““CaM have also been reported with more compact, globular
conformations, demonstrating the wide array of conformational flexibility inherent in the

protein (Figure 4.3C) [351].

CaM plays an important regulatory role in NO production by nNOS. Cai+CaM binds in
the central amphipathic a-helical region connecting the reductase and oxygenase domains
of the nNOS monomer (Figure 4.1) [325, 363, 364]. This is vital for activity, as binding
increases both the rate of electron transfer from NADPH to the flavins in the reductase
domain and the rate of electron receipt by heme in the oxygenase domain [313, 332, 333,

365]. The result is increased NO production.

Caﬁ““CaM typically recognises a binding domain of 20-25 amino acid residues in its target
proteins [342]. In addition to these proteins, CaM also binds numerous peptides and
toxins with high affinity [342, 343]. These domains display no sequence similarity but
are typically positively charged, contain hydrophobic residues and exhibit a propensity
to form amphipathic a-helices upon binding to CaM [337, 338, 366, 367]. Hydrophobic
interactions are the major associative force between CaM and its target molecule, with
large hydrophobic residues present in conserved positions in the binding motif, typically
at positions 1-5-10 or 1-8-14 [366]. These residues all lie on the same face of the helix
which forms upon CaM association. Electrostatic interactions between the basic, positively

charged peptide and the negatively charged protein assist in stabilising the interaction
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[337, 366]. In addition, interactions between abundant Met residues on CaM and the
peptide play a stabilising role [366]. These residues are particularly important because of
the flexible nature of the side chain and the increased van der Waals interactions that result

from the sulfur atom having a larger polarisability than carbon [366].

Significant conformational changes are observed in both Cai+CaM and its target upon
complexation [368]. The complex which forms typically adopts either a so-called collapsed
or extended structure. The canonical collapsed conformer is more compact than CafﬁCaM
[366] and its formation is largely driven by hydrophobic interactions between the anchor
residues of the binding partner and the hydrophobic binding cavity formed when the N- and
C- terminal regions of CaM come together in space [366, 369-371]. The binding channel
formed contains charged outlets with the C-terminal end having a negative charge and the
N-terminal end having both positively and negatively charged residues. These contribute
to the binding by providing electrostatic interactions and also determine the orientation
of the bound target [366]. A number of complexes of this type have been reported in the

literature [157, 372-374], one example is illustrated in Figure 4.4A.

Complexes of CafﬁCaM do not always collapse into an ellipsoidal conformation, but some
remain in an extended structure [366]. For example, in the case of the CaM binding peptide
from the plasma membrane Ca?"-pump (C20W), the peptide is bound by the C-terminal
lobe in an a-helical conformation by hydrophobic interactions (Figure 4.4B) [368]. In this
instance, the two lobes of CafﬁCaM are not in contact with each other and the binding
partner is only bound at one of the lobes. A number of different CaM:peptide complexes

have been shown to adopt this conformation, or some variant of it [366].
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NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 4.4: Schematic representation of CaffCaM (white, Ca?* are shown in red) bound
to small peptides (blue) in (A) a collapsed conformation (PDB: 2BBM) [157] and (B) an
extended conformation (PDB: 1CFF) [368].

4.1.3 Anuran Skin Secretions

The anuran (frog and toad) skin is a complex organ that performs numerous
functions necessary for the animal’s survival, including respiration, thermoregulation and
self-defence [375]. Important for these functions is the presence of two distinct classes
of cutaneous glands, namely mucous and granular, which are primarily distributed on
the dorsal surface of the dermal layer, and release their contents through secretory ducts
[376]. The animal controls skin moisture, lubrication and temperature through secretions
of the mucous glands, whilst the contents of the granular glands is generally discharged in
response to infection or predation [375-378]. Both types of glands synthesise and store the
compounds of the secretion, the release of which is under the control of the sympathetic
nervous system [379]. Secretions of the granular glands are an important component of
the animal’s defence arsenal, and are a vital to ensure the animal can survive in the hostile

environment in which they live.

Anuran skin secretions contain a variety of diverse chemical components, including
biogenic amines [380], bufadienolides [381], alkaloids [382] and peptides [383, 384],
with broad ranging activities. These include antimicrobial, hormone, analgesic and
neurotransmitter functions [384, 385]. The peptide components of the secretions are

particularly known for their antimicrobial action but have also been shown to have

104



Chapter 4: Amphibian Peptides That Inhibit NO Production

anticancer, antifungal and antiviral activities, demonstrating the potential broad-ranging
pharmaceutical applications of self-defence compounds. Several treatments for a variety
of medical conditions have been developed, or are in development, from both peptide and
alkaloid components of anuran skin secretions [386-389]. Additionally, the development
of peptide based antimicrobials is emerging as a vital area of research to combat resistance
to current therapies and the amphibian skin represents a promising resource for lead

compounds [390].

4.1.4 Peptides from Australian Frogs

The first extensive study pertaining to the skin secretions of Australian amphibians was
reported in 1984 by Erspamer and co-workers [391]. In this study, the peptides in the skin
extracts from 100 species of amphibians from Australia and Papua New Guinea were tested
for their smooth muscle contraction activity and systemic blood pressure modulation. Of
the species studied, the most abundant peptides were found to be those of the caerulein,

bombesin and tachykinin families [391].

Since this seminal work, the skin secretions of many other species of Australian amphibians
have been investigated, and their peptide components identified and tested [384, 392—
394]. In particular, species from the genus Litoria have been studied in addition to
those from the genera Limnodynastes, Uperoleia and Crinia. Most of the secretions
that have been investigated contain a broad range of peptide host-defence compounds,
many with multifaceted activities, including neuropeptides, narrow and broad spectrum
antimicrobials and nNOS inhibitory peptides. Peptides with antiviral, anticancer, antifungal
and pheromone activities have also been identified, whilst the activity of numerous
peptides remain unknown [384, 392-394]. The sequences and activities of peptides

isolated from Australian frogs are multifaceted and highly variable, as shown in Table 4.1.
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Table 4.1: Selected peptides isolated from the skin secretions of Australian amphibians.
Adapted from [384, 392].

Name Sequence Species! Activity?
Aurein 1.1 GLFDIIKKIAESI-NH, a 1,2
Aurein 1.2 GLFDIIKKIAESF-NH, a 1,2
Aurein 2.1 GLLDIVKKVVGAFGSL-NH, a,b 1,2
Caeridin 1.1 GLLaDGLLGTGL-NH, c,d,ef,g

Caeridin 1.2 GLLBDGLLGTGL-NH, e

Caeridin 1.4 GLLaDGLLGGLGL-NH, f,g

Caeridin 1.5 GLLBDGLLGGLGL-NH, fg

Caerin 1.1 GLLSVLGSVAKHVLPHVVPVIAEHL-NH, c,d,e 1,2,3,4,5
Caerin 1.4 GLLSSLGSVAKHVLPHVVPVIAEHL-NH, d,e 1
Caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL-NH, g 1,2,3,5
Caerin 1.9 GLFGVLGSIAKHVLPHVVPVIAEKL-NH, g 1,2,3,4,5
Caerulein 1.1 PEQDY (S053) TGWMDF-NH, h 6
Caerulein 1.2 PEQDY (S03) TGWFDF-NH, c,i 6
Citropin 1.1 GLFDVIKKVASVIGGL-NH, i 1,2,3,5
Citropin 1.2 GLFDIIKKVASVVGGL-NH, i 1,2,3,5
Citropin 1.3 GLFDIIKKVASVIGGL-NH, i 1,2,3,5
Dahlein 1.1 GLFDIIKNIVSTL-NH, j 1
Dahlein 5.6 GLLASLGKVFGGYLAEKLKPK-0H j 5
Frenatin 3 GLMSVLGHAVGNVLGGLFKPKS-0H k 5
Lesueurin GLLDILKKVGKVA-NH, 1 5
Maculatin 1.1 GLFGVLAKVAAHVVPATAEHF-NH, m 1,2,3,5
Maculatin 1.3 GLLGLLGSVVSHVVPAIVGHF-NH, n 1,2
Maculatin 2.1 GFVDFLKKVAGTIANVVT-NH, n 1,2
Riparin 1.1 RLCIPVIFPC-0H o 6
Riparin 2.1 ITEKLVNTALGLLSGL-NH, o] 1
Signiferin 1 RLCIPYITPC-0H p 6
Signiferin 2.1 ITIGHLIKTALGMLGL-NH, p 1
Signiferin 3.1 GIAEFLNYIKSKA-NH, p,0 5
Splendipherin GLVSSIGKALGGLLADVVKSKGQPA-OH c,d 7
Tryptophyllin L. 1.3 pEFPWL-NH, q 6
Uperin 1.1 pEADPNAFYGLM-NH, r 6
Uperin 2.1 GIVDFAKKVVGGIRNALGI-NH, r 1
Uperin 3.5 GVGDLIRKAVSVIKNIV -NH, S 1
Uperolein pEPDPNAFYGLM-NH, t 6

ISpecies: (a) Litoria raniformis [395]; (b) Litoria aurea [395]; (c) Litoria splendida [396]; (d)
Litoria caerulea [397]; (e) Litoria gilleni [398]; (f) Litoria xanthomera [399]; (g) Litoria chloris
[400]; (h) many species from the genus Litoria [378, 401]; (i) Litoria citropa [402]; (j) Litoria
dahlii [403]; (k) Litoria infrafrenata [404]; (1) Litoria lesueri [405]; (m) Litoria genimaculata [406];
(n) Litoria eucnemis [407]; (o) Crinia riparia [408]; (p) Crinia signifera [409]; (q) Litoria rubella
[410]; (r) Uperoleia inundata [411]; (s) Uperoleia mjobergii [412]; (t) many species of the genus
Uperoleia [378].

2Activity: (1) antimicrobial; (2) anticancer; (3) antifungal; (4) antiviral; (5) nNOS inhibitor; (6)
neuropeptide; (7) pheromone.
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It has been shown that glandular secretions of many Australian frogs contain at
least one wide-spectrum antibiotic peptide along with numerous other peptides with
narrow-spectrum activities [384, 392]. These ensure effective protection against the
plethora of bacteria that are rife in the hostile environment in which they live. Some
of the most potent antimicrobial peptides isolated are caerin 1.1, maculatin 1.1 and aurein
1.2 [384, 392]. Many of these antimicrobials also show anticancer and antiviral activities.

This is discussed in further detail in Chapter 5.

Neuropeptides also form an integral part of the host-defence arsenal in frogs of the genus
Litoria and toadlets of the genus Uperoleia, in addition to playing a regulatory role in the
animal [384, 392, 394]. Amongst the most potent of this class are the caeruleins and
uperins 1. Caerulein, which contains a sulfated Tyr residue, pyroglutamate and amidated
C-terminus, has many activities, including smooth muscle contraction, thermoregulation
and analgesic properties [384, 392]. Peptides which inhibit NO production by nNOS
(discussed in Section 4.1.5) are also found in the secretions [413], along with numerous

peptides with as yet unknown activities, such as the caeridins.

4.1.5 Amphibian Peptides that Inhibit nNOS

Most amphibians of the genera Litoria and Crinia that have been studied thus far produce
one or more peptide(s) that inhibit nNOS as part of their glandular secretion, with current
studies identifying more than 50 such peptides [384, 392]. It is thought that peptides of
this type may play a regulatory role in the animals, as it is known that NO is involved
in anuran sight, gastric modulation and reproduction [414-416]. Additionally, they may
also form an integral part of the animal’s host-defence mechanisms by interfering with NO

signalling in an attacking predator or pathogen [413].

The nNOS inhibitory peptides isolated thus far can be divided into three inhibitory groups
based on their common structural motifs. The first of these, the caerin 1 peptides, adopt
a helix-hinge-helix structure and often contain a Phe residue at position 3 [385, 417].
Second are the aurein/citropin peptides, which are short linear amphipathic a-helices, and

third are the frenatin/dahlein type peptides which have a characteristic C-terminal free
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acid and a Lys-X-Lys motif near their C-terminus [384]. A number of other peptides also

exist which cannot be categorised by this classification system (Table 4.2).

Evidence suggests that the amphibian peptides inhibit NO production by interacting with
Ca®" CaM [413]. This includes in vitro studies where dose-response curves showed a Hill
slope greater than one, indicating a non-competitive interaction is causing nNOS inhibition
[418]. Also, it has been shown that the addition of excess CaM is able to partially rescue
nNOS activity in an amphibian peptide treated sample, and that these peptides also inhibit
the function of calcineurin, another CaM regulated enzyme [413]. Finally, NMR and MS
data have shown that the peptides complex with CaM in a high-affinity fashion [413, 419].
Together, these data suggest that attenuation of NO production is achieved by the peptide
binding to CaM triggering a conformational change, and thereby rendering the protein

unable to associate with nNOS.
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Table 4.2: nNOS inhibition activities of selected amphibian peptides and synthetic
derivatives [384, 392, 413].

Name Species Sequence IC;, (uM) Charge

Caerin 1 Peptides

Caerin 1.1 L. caerulea GLLSVLGSVAKHVLPHVVPVIAEHL-NH, 36.6 +1

L. splendida

L. gilleni
Caerin 1.6 L. chloris GLFSVLGAVAKHVLPHVVPVIAEKL-NH, 8.5 +2
Caerin 1.8 L. chloris GLFKVLGSVAKHLLPHVVPVIAEKL-NH, 1.7 +3
Caerin 1.8.1 L. chloris GSVAKHLLPHVVPVIAEKL-NH, Inactive +2
Caerin 1.8 (mod. 2) GLFKVLGSVAKHLLPHVVP-NH, 1.5 +3
Caerin 1.8 (mod. 3) GLFKVLGSVAKHLLPHV-NH, 1.7 +3
Caerin 1.8 (mod. 4) GLFKVLGSVAKHLLP-NH, 3.1 +3
Caerin 1.8 (mod. 5) GLFKVLGSVAKHL-NH, 3.7 +3
Caerin 1.8.11 GLFKVLGSVAK-NH, 3.3 +3
Caerin 1.8 (mod. 8) GLFKVLGS-NH, > 850 +2
Caerin 1.19 L. gracilenta GLFKVLGSVAKHLLPHVAPITAEKL-NH, 4.1 +3
Caerin 1.19.3 L. gracilenta GSVAKHLLPHVAPITAEKL-NH, Inactive +2

Citropin/Aurein Peptides

Citropin 1.1 L. citropa GLFDVIKKVASVIGGL-NH, 8.2 +2
Citropin 1.1 d GlfdvikkvasviGGL-NH, 30.7 +2
Citropin 1.1 (mod. 13) GLFDVIKKVASVIKKL-NH, 2.0 +4
Citropin 1.1 (mod. 18) GLFAVIKKVASVIKKL-NH, 1.2 +5
Aurein 1.1 L. aurea GLFDIIKKIAESI-NH, 33.9 +1
Aurein 2.2 L. aurea GLFDIVKKVVGALGSL-NH, 4.3 +2
Aurein 2.4 L. aurea GLFDIVKKVVGTLAGL-NH, 2.1 +2
Aurein 2.3 L. aurea GLFDIVKKVVGIAGSL-NH, 1.8 +2
Lesueurin L. lesueuri GLLDILKKVGKVA-NH, 16.2 +3

Frenatin/Dahlein Peptides

Frenatin 3 L. infrafrenata GLMSVLGHAVGNVLGGLFKPKS-0H 6.8 +3
Frenatin 3 (mod.3) GLMRVLGHAVGNVLGGLFKPKS-0H 1.4 +3
Dahlein 5.1 L. dahlii GLLGSIGNAIGAFTIANKLKP-0OH 3.2 +2
Dahlein 5.2 L. dahlii GLLASIGKVLGGYLAEKLKP-0H 1.2 +2
Dahlein 5.3 L. dahlii GLLASLGKVFGGYLAEKLKP-0H 1.4 +2
Dahlein 5.6 L. dahlii GLLASLGKVFGGYLAEKLKPK-0OH 1.6 +3
Splendipherin L. splendida GLVSSIGKALGGLADVVKSKGQPA-OH 9.0 +2
Miscellaneous Peptides

Fallaxidin 3.1 L. fallax GLLASLGKVFGGYLAEKLKPK-0H 15.4 +1
Dahlein 4.2 L. dahlii GLWQFIKDKIKDAARTGLVTGIQS-NH, 11.1 +2
Deserticolin 1  C. deserticola ~ GLADFLNKAVGGKVVDFVKS-NH, 2.4 +1
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4.2 Aims

In order to design improved nNOS inhibitors based on the amphibian peptides, it is vital to
gain further insight into their binding properties and the mechanism by which they inhibit
nNOS. The aims of this chapter were to use a variety of biophysical techniques (Chapter
2), including ITC, CD, IM-MS and NMR spectroscopy to afford low resolution structural
information about the complexes of Cai+CaM with the amphibian peptides caerin 1.8,
caerin 1.8.11, citropin 1.1 (mod. 13) and dahlein 5.6 (Table 4.2 and 4.3). These peptides
represent each of the three classes of nNOS active amphibian peptides. Caerin 1.8.11 was
investigated as it is the smallest fragment of caerin 1.8 which retains significant nNOS

inhibition activity.

These data will provide significant insight into the mechanism by which these peptides
interact with Cai+CaM, in terms of the strength of the interactions and the overall

conformation of the complexes.

Table 4.3: nNOS inhibition activities of the amphibian peptides studied [384, 392, 413].

Name Sequence IC;, (uM) Charge
Caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL-NH, 1.7 +3
Caerin 1.8.11 GLFKVLGSVAK-NH, 3.3 +3
Citropin 1.1 (mod. 13) GLFDVIKKVASVIKKL-NH, 2.0 +4
Dahlein 5.6 GLLASLGKVFGGYLAEKLKPK-0OH 1.6 +3
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4.3 Results

4.3.1 Expression and Purification of Calmodulin

CaM was either obtained commercially (for MS studies) or expressed recombinantly (for
ITC and NMR studies). CaM was expressed in E. coli BL21 DE3 cells with no fusion partner
or affinity tags and purified by hydrophobic interaction chromatography (HIC), according
to literature procedures [420, 421]. HIC is an established technique to purify CaM and
other Ca®" binding proteins, as apoCaM has a relatively hydrophilic surface but upon

binding Ca** (to form holoCaM) a hydrophobic pocket is exposed [422].

In order to purify the recombinantly expressed CaM, holoCaM was introduced to
the HIC column, with the hydrophobic surface allowing it to bind strongly. Other
native hydrophilic proteins, which do not bind to the hydrophobic media were washed
from the column. Elution of CaM was achieved by chelating Ca*" with ethylene
glycol-bis(f3-aminoethylether)-N,N’-tetraacetic acid (EGTA), triggering a conformational
change in CaM, hiding the hydrophobic pocket. This procedure yielded CaM of > 95 %
purity (as determined by SDS-PAGE and MS).

4.3.2 Circular Dichroism Spectroscopy

Caﬁ*CaM is a highly helical protein, comprising eight helical domains. It is well recognised
that when a CafﬁCaM binds its peptide targets, it induces amphipathic a-helical structure
in the bound peptide [366, 423-425]. Conversely, the secondary structure of CafﬁCaM

remains relatively unaffected by binding to its peptide targets.

The conformational changes induced in the amphibian peptides caerin 1.8.11, dahlein
5.6 and citropin 1.1 (mod. 13) were studied by far-UV CD measurements. In solution
the peptides themselves have CD spectra which are characteristic of a random coil

conformation with a minimum at approximately 195 nm (data not shown).

The spectrum of Cai*CaM (Figure 4.5) in solution shows two characteristic minima at

approximately 208 and 222 nm. In the presence of one equivalent of peptide, the minima
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at these wavelengths increase in intensity. These data indicate there is an increase in helical

content upon binding, which can be attributed to the induced secondary structure of the

peptide targets.
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Figure 4.5: Far-UV CD spectra of Caﬁ+CaM (black traces, 2 uM, in 10 mM Tris-HCL, 10
mM KCI, 5 mM CaCl,, pH 6.3) and in the presence of (A) caerin 1.8.11, (B) dahlein 5.6
and (C) citropin 1.1 (mod. 13) (green traces, 1 molar equivalent).
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4.3.3 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) was employed to determine thermodynamic and
kinetic parameters for the binding events between CaM and three amphibian peptides,
namely caerin 1.8.11, dahlein 5.6 and citropin 1.1 (mod. 13). Each titration was repeated
at four different temperatures and the enthalpy change of the interaction (AH) was

determined at each temperature.

Figures 4.6 to 4.8 display the binding data for the interactions of caerin 1.8.11, dahlein
5.6 and citropin 1.1 (mod. 13) with Caﬁ*CaM at 40 °C. The enthalpy of dilution was
subtracted from the data by performing a buffer into protein control experiment (data not
shown). Tables 4.4 to 4.6 display the thermodynamic and kinetic parameters obtained by

curve fitting to the measured data.

The data were fit using a single site binding model and in all cases indicate a 1:1
stoichiometry of binding, with fitted stoichiometries between 0.97 and 1.23 for all
titrations. In the case of citropin 1.1 (mod. 13) (Figure 4.8, Table 4.6), at low temperatures
the binding reaction is endothermic, becoming exothermic with increasing temperatures.
A large favourable entropy change drives the binding interaction at lower temperatures.
The interactions of caerin 1.8.11 (Figure 4.6, Table 4.4) and dahlein 5.6 (Figure 4.7, Table
4.5) with Ca®** CaM are driven by large, favourable enthalpy changes at all the tested
temperatures. This is consistent with other calorimetric studies of Cai*CaM binding in the

literature [426-428].

Fitted dissociation constants (K;s) for the three peptides at all temperatures were within
the range of 20-70 nM, demonstrating the strength of the binding interaction. These data
show that the interactions of the amphibian peptides with CaM are very strong, with low

nanomolar K; values.
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Figure 4.6: Calorimetric analysis of the binding of caerin 1.8.11 to Cai“LCaM. (A) Top
panel: The calorimetric titration at 40 °C. Lower panel: Binding isotherm obtained by
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integrating the above data. (B) Plot of AH as a function of temperature.

Table 4.4: Thermodynamic and kinetic parameters for the titration of CaffCaM with

caerin 1.8.11.

Temp (K) K; (uM) AH (kcal/mol) -TAS (kcal/mol) n
303.15 0.03 £ 0.008 -3.56 = 0.03 -6.9 1.03 £ 0.004
308.15 0.05 £+ 0.010 -7.52 £ 0.05 -2.8 1.05 £ 0.004
313.15 0.04 = 0.006 -10.88 £ 0.05 0.23 1.04 £+ 0.003
318.15 0.03 £0.002 -14.64 + 0.03 3.8 1.04 £+ 0.001
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Figure 4.7: Calorimetric analysis of the binding of dahlein 5.6 to CaffCaM. (A) Top
panel: The calorimetric titration at 40 °C. Lower panel: Binding isotherm obtained by
integrating the above data. (B) Plot of AH as a function of temperature.

Table 4.5: Thermodynamic and kinetic parameters for the titration of CaffCaM with

dahlein 5.6.

Temp (K) K; (uM) AH (kcal/mol) -TAS (kcal/mol) n
303.15 0.03 £+ 0.004 -2.55 £ 0.04 -9.2 1.11 £ 0.07
308.15 0.02 £ 0.006 -5.88 = 0.05 -5.1 1.07 &£ 0.004
313.15 0.01 £ 0.003 -9.72 £ 0.05 -1.6 0.99 £ 0.002
318.15 0.03 £0.009 -12.71 £0.15 1.7 1.10 &£ 0.06
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Figure 4.8: Calorimetric analysis of the binding of citropin 1.1 (mod. 13) to CafﬁCaM.
(A) Top panel: The calorimetric titration at 40 °C. Lower panel: Binding isotherm
obtained by integrating the above data. (B) Plot of AH as a function of temperature.

Table 4.6: Thermodynamic and kinetic parameters for the titration of CaffCaM with
citropin 1.1 (mod. 13).

Temp (K) K; (uM) AH (kcal/mol) -TAS (kcal/mol) n
298.15 0.07 £0.02 3.89 + 0.08 -12.2 1.23 £ 0.02
303.15 0.06 £ 0.02 0.59 £ 0.01 -9.2 0.91 = 0.02
308.15 0.02 + 0.004 -3.32 £ 0.02 -7.6 0.97 £ 0.003
313.15 0.05 £ 0.02 -5.65 £+ 0.05 -4.8 1.09 £ 0.008
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After plotting AH as a function of temperature (Figures 4.6B, 4.7B and 4.8B), the heat
capacity change upon binding (AC,) was estimated by measuring the slope of the resultant
graph. The AC, of an interaction can provide information about the binding mechanism
[427]. Table 4.7 displays the estimated AC,s for the binding event between CafﬁCaM and
the studied amphibian peptides. These AC, values for the three peptide systems studied

are similar, indicating a common binding mechanism.

Table 4.7: Approximated AC, values calculated from ITC experiments.

Peptide AC, (kJ/mol)
Caerin 1.8.11 -3.00 £ 0.21
Dahlein 5.6 -2.87 £ 0.09

Citropin 1.1 (mod. 13) -2.71 £0.15

4.3.4 Ion Mobility-Mass Spectrometry

To gain further insight into changes in the conformations of CaM, its Ca*" adducts and
the amphibian peptide:CaM complexes, IM-MS studies were performed to determine the
changes in CCS that occur upon complexation. As a reference, Table 4.8 summarises the
m/z of ions expected in the ESI-MS spectra of CaM and the peptide:CaM complexes which

are studied in subsequent sections.
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4.3.4.1 Calmodulin structure by IM-MS

The positive ion nanoESI IM-MS spectrum of CaM (10 yM, in 20 mM ammonium acetate,
40 uM calcium acetate) is shown in Figure 4.9. The experimentally determined mass
of CaM was 16790 Da, which is in agreement with the expected mass based on the
primary sequence with an acetylated N-terminus and trimethyl-Lys residue at Lys115. Two
gaussian charge-state distributions can be clearly seen within the spectrum centred around
charge states [M+13H]*** and [M+7H]’*, indicating two different conformational states
of Ca>*CaM are present. As mild electrospray conditions were used to maintain native
protein structures (low voltages and source temperatures, see Experimental Procedures),
it can be assumed that the multiple conformational states seen in the gas phase reflect
the solution-phase flexibility of CaM, which allows it to adopt a variety of conformations.
This assumption is consistent with other studies [419, 429-431]. Above the conventional
mass spectrum is a drift plot, showing the drift time of the ions present in the sample
(Figure 4.9). Again, two different conformational states can be observed, based on the two

distributions in the drift plot.

ATDs were extracted from the spectra for CaM species with differing Ca*" occupation.
The drift times were converted to CCS using a standard calibration protocol [43] and are
displayed in Table 4.9. The ATDs observed in these experiments were often broad, likely

due to the inherent structural flexibility of CaM.

To minimise errors in the conversion process, CCSs were averaged over all the recorded
IM-MS spectra, which were each performed using different IM parameters (wave heights
were varied between 6 - 9 V whilst maintaining the wave velocity at 400 ms™!). The error
associated with the measured CCSs is estimated to be approximately 8-10 %, taking into
consideration errors associated with calibrant cross-sections, the calibration curve and the

relative precision of replicate measurements [43].
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Dr ttme ms

Figure 4.9: IM-MS spectrum of Ca?*CaM (10 uM CaM, in 20 mM ammonium acetate, 40
uM calcium acetate). The lower panel shows the conventional mass spectrum, whilst the
top panel shows the IM drift plot indicating the drift times of individual ions. The two
distribution are indicated in the drift plot.

Table 4.9: Experimental collision cross-sections for CaTZfCaM complexes as a function of
charge state.Two CCSs are reported for ATDs with two major features. An estimate of the
error in CCS measurement is 8-10 % [43]. Where no CCS is given, ATDs were not
detected or of poor signal-to-noise.

Charge CaM CCS (A2?)

Apo 1Ca*" 2Ca®>t 3cCa’" 4cCa®*"
7+ 1954 1954 1938 1938 1856
8+ 1990 1974 1961 1962 1951
9+ 2178 2085 2055 2034 2131
9+ 2391 2380 2341 2358 2221
10+ 2605 2610 2616 2639
11+ 2776 2772 2781 2754 2754
12+ 3017 2983 2972 2891 2914
13+ 3106 3082 3079 3049 3059
14+ 3199 3183 3148 3155 3148
15+ 3316 3274 3263 3267 3250
16+ 3384 3369 3376 3373
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4.3.4.2 Structural Analysis of CaM Complexes by IM-MS

In a similar fashion, complexes of CaM with caerin 1.8, caerin 1.8.11, dahlein 5.6, citropin
1.1 (mod. 13) and the 20 residue binding domain (C20W) of the plasma membrane Ca®"
pump (sequence shown below) were investigated by IM-MS, as shown in Figure 4.10.
In all cases, the complexes exhibited a 1:1 stoichiometric ratio with at least four Ca*"
ions required for binding, except for C20W in which only two Ca®* ion were required for
binding. The experimentally determined masses of all the complexes compare favourably
with the theoretically determined values (as outlined in Table 4.8). It is evident from
the narrow charge state distributions of the protein complexes that they are much more

well-defined in structure than free Cai*CaM, which adopts a variety of charge states.

C20W LRRGQILWFRGLNRIQTQIK-OH

Again, ATDs were extracted from the spectra for CaM:peptide complexes and the drift
times were converted to CCS [43]. The ATDs observed in these experiments were much
better defined and narrower than those of CaM and its Ca?" adducts. This indicates the
structures of the complexes are less flexible than those of CaM. The calibrated CCSs are

shown in Table 4.10.

Table 4.10: Experimental collision cross-sections for Ca?>" CaM: peptide complexes as a
function of charge state. An estimate of the error in CCS measurement is 8-10 % [43].

Peptide Charge CCS (A?)
Caerin 1.8 7+ 2211
8+ 2191
Caerin 1.8.11 7+ 2022
8+ 2036
Citropin 1.1 (mod. 13) 7+ 2085
8+ 2096
Dahlein 5.6 7+ 2136
8+ 2134
Plasma Pump C20W 8+ 2186
o+ 2212
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Figure 4.10: MS spectra of Ca®* CaM with (A) caerin 1.8, (B) caerin 1.8.11, (C) citropin

1.1 (mod. 13), (D) dahlein 5.6, and (E) plasma pump C20W. Free peptide (B); free CaM

(¢); peptide-CaM complexes (e). The insets show the transformed spectra. Synapt HDMS
Mass Spectrometer.
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4.3.4.3 Theoretical Calculation of CaM Cross-Sections

The program MOBCAL was used to calculate theoretical CCSs of high resolution protein
structures from coordinates in the PDB for comparison with experimental values (Table
4.11) [120, 121]. The PA and EHSS methodologies were utilised for this purpose. Both
values are reported here as it is known that the PA method generally underestimates CCS
whilst the EHSS often overestimates the actual CCS [42, 122]. Consequently, these values

provide lower and upper bounds for the experimentally determined CCS.

Table 4.11: Computationally determined CCS of CaM and selected complexes.

Complex PDB Calculated CCS (A?) Binding Ref.
PA EHSS Mode
apoCaM 1DMO 1627 2048 [432]
holoCaM (dumbbell) 1CLL 1622 2020 [350]
holoCaM (globular)  1PRW 1311 1650 - [351]
CaM:NR1C1 2HQW 1421 1791 Collapsed [433]
CaM:C28 2KNE 1820 2313 Collapsed [434]
CaM:MLCK Peptide ~ 2BBM 1770 2257 Collapsed [157]
CaM:CaMKK Peptide 1CKK 1564 1985 Collapsed [374]
CaM:C20W Peptide 1CFF 1862 2361 Extended [368]
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4.3.5 NMR Spectroscopy

To further investigate the complexation of Cai+CaM with caerin 1.8.11, NMR studies on

both the free peptide and non-covalent complex were performed.

4.3.5.1 NMR Spectroscopy of Unbound Caerin 1.8.11

Upon binding CaM, the 11 residue caerin 1.8.11 is expected to adopt an amphipathic
a-helical structure. In aqueous solution, peptides of this type adopt random coil structures.
Consequently, the high resolution structure of this a-helical form of the peptide was
determined in DPC micelles, a solvent system known to induce secondary structure, where

it has the propensity to form.

4.3.5.2 NMR Assignment

NMR spectra of caerin 1.8.11 were recorded in DPC micelles at pH 6.0. The proton
resonances were assigned using the sequential assignment strategy outlined by Wiithrich
[160] and a combination of TOCSY, DQF-COSY and NOESY spectra. These assignments are
indicated in the partial TOCSY and NOESY spectra in Figure 4.11.

There were several coincident amide resonances, creating some ambiguity in the
assignment process. DQF-COSY data and NOE connectivities were used to unambiguously
assign the chemical shifts. The NH region of the NOESY spectrum was utilised to
sequentially assign the amide proton chemical shifts. ~Where sequential dy, NOE
cross-peaks were not present, d,y correlations were utilised to obtain reliable resonance

assignments.

A ¥C HSQC spectrum was used to assign the a'>C resonances that were located in the
a'H/a'3C region (spectrum not shown). The a'*C chemical shifts for the two Gly residues

were not observed in the spectrum and could not be assigned.

Table 4.12 summarises the assigned *H and **C resonances.
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Figure 4.11: Partial NOESY and TOCSY spectra of caerin 1.8.11 in DPC micelles. In the
TOCSY spectrum, lines connect resonances of the same amino acid residue. NOEs
between sequential amide protons are shown in the NOESY spectrum.
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Table 4.12: Assigned 'H and '3C chemical shifts for caerin 1.8.11 in DPC micelles. n.o.
indicates resonance was not observed.

Chemical Shift (ppm)

Residue NH aH BH Other H aC
Glyl n.o. 4.07,3.89 n.o.
Leu2 7.81 4.00 1.94 yH - 1.55 57.8
6H - 1.08, 0.90
Phe3 8.98 4.25 3.18 n.o 60.8
Lys4 8.10 4.11 1.95 vH - 1.50 58.6
O0H-1.74
eH - 3.01
Val5 7.82 3.83 2.23 yH -1.07, 0.96 65.3
Leu6 8.33 4.07 1.83 vH - 1.49 57.1
0H-0.95,0.84
Gly7 8.21 3.91,3.77 n.o.
Ser8 7.86 4.34 4.01 60.5
Val9 7.81 3.94 2.23 vH - 1.08, 0.97 63.9
Alal0 7.98 4.16 1.34 53.1
Lys11 7.63 4.17 1.91,1.83 yH-1.48,1.55 56.2
O6H -1.70
€H - 2.98

CONH, - 7.30,7.20

4.3.5.3 Secondary Shifts

Ads describe the chemical shift variations for the amino acids in the peptide from their
corresponding random coil values (as determined in water and outlined in [435]). The
AS’s of the a'H and a'®C were smoothed over &+ 2 residues, while the N'H ASs are
plotted unsmoothed. All Ads were plotted against the amino acid sequence to allow
extraction of structural information (Figure 4.12). As discussed in Section 2.3.7.1, negative
A values indicate an upfield shift from random coil values, whilst positive values indicate

a downfield shift.
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Figure 4.12: (A) a'H and (B) a'3C secondary shifts of caerin 1.8.11 in DPC micelles,
smoothed over n £ 2 residues. (C) N'H secondary shifts of caerin 1.8.11. Negative values
indicate an upfield shift from random coil values, whilst positive values indicate a
downfield shift. Hydrophilic residues are indicated as open symbols.
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The a'H resonances (Figure 4.12A) display an upfield shift from random coil values as
indicated by the negative Ads. This indicates that the peptide is adopting a helical
structure encompassing the length of the peptide [182, 185]. This is supported by the
a'C resonances (Figure 4.12B) which exhibit a downfield trend across all of the peptide,

apart from the final residue.

The N'H A&s (Figure 4.12C) display a degree of periodicity across the length of the
peptide, with the three hydrophilic residues having a more upfield chemical shift from
random coil values when compared with hydrophobic residues. This suggests a degree
of amphipathicity [184, 186] is present in the helix. Additionally, at the N-terminus the
N'H A& values show an upfield shift, characteristic of an a helical secondary structure.
Together, these Ao values lend support to the notion that there is a degree of helical

structure present in the peptide.

4.3.5.4 NOE Connectivities

Diagnostic NOE connectivities used in structure calculations for caerin 1.8.11 in DPC
micelles are displayed in Figure 4.13. Sequential dyy, d,y and dgy NOEs are observed
along most of the sequence. Additionally, medium range NOEs between residues that are
three or four apart are observed. Notably, d,y; ;+3) and d,y; ;+4) connectivities are observed

throughout the sequence, whilst dg; ;+3) connectives are observed at the C-terminus.

Taken together these data suggest that caerin 1.8.11 adopts an a helical structure in
DPC micelles. The presence of additional medium-range connectivites at the C-terminus
suggests that the helical structure is more well defined in this region and that at the

N-terminus a more flexible structure may be present.
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—

Figure 4.13: Diagnostic NOEs used in structure calculations for caerin 1.8.11. The
thickness of the bar indicates the relative strength of the NOE.

4.3.5.5 Structure Calculations

The NOESY spectrum for caerin 1.8.11 was assigned and the volume of each peak
converted to distance restraints using the procedures outlined by Xu et al. [436]. A total
of 214 distance restraints were generated, and are summarised in Table 4.13. Only a small

number of these distance restraints were ambiguous.

Table 4.13: Distance restraints obtained from the NOESY spectrum of caerin 1.8.11 in
DPC micelles utilised in structural calculations.

Number of Restraints

Sequential NOEs 76
Medium-range NOEs 41
Long-range NOEs -
Intra-residue NOEs 92
Ambiguous NOEs 5
Total 214

The RMD and SA protocol of ARIA generated sixty final structures, of which the twenty
with the lowest potential energy were selected for analysis. Figure 4.14 shows these twenty
lowest energy structures of caerin 1.8.11 superimposed over the well defined residues. This
structure calculation result confirms the conclusions drawn from analysis of the NOE and
secondary shift data from the NMR. It can be seen that caerin 1.8.11 adopts a helical

structure along its length, however, it appears to be more flexible at the termini.
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Figure 4.14: 20 lowest energy structures of caerin 1.8.11 in DPC micelles superimposed
over the backbone atoms of well-defined residues.

The 20 lowest energy structures show considerable convergence over the entire sequence,
but the RMSD values (Table 4.14) are slightly higher than longer, previously reported
peptide structures (c.f. in [437]). This may indicate that the helical structure exhibits
a degree of conformational flexibility, consistent with its short sequence containing the
helix-breaking Gly residue. Additionally, the final structures had no violations from

idealised covalent geometries, supporting the quality of the obtained structures.

Table 4.14: Structural statistics for caerin 1.8.11 following RMD/SA calculations.

Energy (kcal.mol™!)

Eiotal 5.60 + 0.39
Epond 0.03 + 0.01
Eqngle 3.90 + 0.05
Eimproper 0.10 % 0.01
Eypw 1.54 + 0.33
Enor 0.01 £ 0.03
E, g1 0.00

Well-defined residues 3-9

RMSD from mean geometry (A)
Backbone atoms of well-defined residues 0.55 & 0.22
Heavy atoms of well-defined residues 1.35 £ 0.30

All backbone atoms 1.31 £0.24
All heavy atoms 1.81 £0.23

Analysis of the angular order parameters (AOPs) of the twenty lowest energy structures
demonstrated that seven of the residues were well-defined (Table 4.14). A Ramachandran
plot showing the average ¢ and v angles for caerin 1.8.11 shows that all the residues
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fall within the favoured region for a-helical structure (Figure 4.15), further supporting the

quality of the calculated structures in representing the solution structure of caerin 1.8.11.
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Figure 4.15: Ramachandran plot for caerin 1.8.11 in DPC micelles. Well-defined residues
are indicated by filled symbols. Favourable regions are labelled A and B for a helical and
B strand structures, respectively.

The most stable calculated structure of caerin 1.8.11 in DPC micelles is shown in Figure

4.16. The amphipathic helical structure along the length of the peptide is clearly evident.

Figure 4.16: Lowest calculated potential energy structure of caerin 1.8.11 in DPC
micelles. Hydrophobic groups are shown in green, hydrophilic groups are shown in
yellow.
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4.3.5.6 >N HSQC Titration

In order to investigate the nature of the non-covalent complex that forms between CafﬁCaM
and caerin 1.8.11, titration experiments were performed by adding successive quantities of
unlabelled caerin 1.8.11 to "*N-labelled Ca;*CaM. After each addition, a ""N-'H HSQC
spectrum was recorded and chemical shift changes were monitored by overlaying the
processed spectra (Figure 4.17). Chemical shift changes were considered significant if

greater than 0.05 ppm in the 'H dimension and 0.5 ppm in the '°N dimension [174].
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Figure 4.17: Overlaid !> HSQC spectra of '°N-labelled CaffCaM (red) and after the
addition of 1 molar equivalent of caerin 1.8.11 (green).

It can also be seen in Figure 4.17 that complexation does not cause any significant
line broadening (as a result of the modest increase in molecular weight), and that the
resonances are mostly well-dispersed. However, the central region of the spectrum between
~ 119 - 123 ppm in the °N dimension and ~ 8.5 - 7.5 ppm in the 'H does display some
signal overlap in both the bound and unbound species. Additionally, Figure 4.17 shows
that significant chemical shift changes were observed for most residues in the titration,
suggesting a global reorganisation of protein structure. This is consistent with the presence
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of the canonical collapsed complex structure. Chemical shift changes were not observed
as a function of concentration, instead a second set of peaks with a different chemical
shift signature corresponding to the protein-peptide complex, were observed after 0.4
equivalents of peptide were added. This is consistent with the complex being in the slow
exchange regime. Addition of an equimolar quantity of peptide resulted in only one set
of peaks being observed in the spectrum, corresponding to the complex, and addition of

further peptide did not have any additional effect on the observed chemical shifts.

4.3.5.7 Backbone Chemical Shift Assignment

It is apparent from the >N-HSQC spectra in Figure 4.17 that there are significant chemical
shift changes across the entirety of Cai““CaM upon binding caerin 1.8.11. Consequently,
a combination of the main chain directed and sequential assignment strategies was used
to assign the backbone chemical shifts of Caﬁ*CaM when bound to caerin 1.8.11. This
process was mainly achieved using HNCACB and CBCA(CO)NH spectra and was assisted by
a variety of NMR investigations that have been previously performed to study calmodulin
and its complexes [368, 438, 439]. As an example, Figure 4.18 shows overlaid regions of
the CBCA(CO)NH and HNCACB spectra, illustrating sequential connectivities from residues
58 to 61.

A complete list of the assigned chemical shifts is given in Appendix A.
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Figure 4.18: Overlayed HNCACB (orange, green) and CBCA(CO)NH (blue) spectra of
CafﬁCaM bound to caerin 1.8.11. Sequential connectivities for four amino acid residues
are shown.

4.3.5.8 Secondary Chemical Shifts

The structural changes in CafﬁCaM associated with binding a peptide result in chemical
shift perturbations. Consequently, these data can be used to indicate which regions of
Caﬁ*CaM experience significant changes in chemical environment upon binding. A full
structural analysis using NOE information would be required to determine the overall
structure of CaffCaM in complex with a peptide. Nevertheless, significant structural

information can be obtained from the assigned backbone chemical shifts.

The ¥Ca ASs (Figure 4.19A) and chemical shift index (CSI) values [440, 441], indicate
downfield (A6 >0) or upfield (A6 <0) shifts from random coil values (with the CSI
only indicating the direction, not size of the shift). These values can be used to infer
regions of regular secondary structure, however this structural analysis approach requires
a grouping of four or more consecutive residues with the same CSI value to define a region

as having a particular secondary structure [441]. As outlined in Section 2.3.7.1, a-helical
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and f-sheet regions of secondary structure are indicated by downfield and upfield *Ca

shifts, respectively.

CaffCaM is a well-studied protein that is known to have a high helical content, comprising
eight a-helices separated by several loop motifs (Table 4.15). In the X-ray structure, helices
IV and V appear to combine into one extended helix possibly due to crystal packing effects,
however, NMR and other data indicate that these are discrete structural motifs and their
separation results in a centrally located flexible hinge region [355, 359]. These known

helical regions are indicated by the shaded regions in Figure 4.19.

Table 4.15: Location of a-helices in CaffCaM as determined by NMR spectroscopy [359]
and X-ray crystallography [355].

a-helix NMR X-ray
I E6-F19 T5-F19
II T29-S38 T29-S38
III E45-E54 E45-V55
v F65-K77
hinge K77-E82 } F65-F92
\Y% E82-D93

VI A102-N111 A102-N111
VII D118-E127 DI118-A128
VIII Y138-T146 Y138-S147

The Ad information in Figure 4.19 demonstrates the loss of helicity about the central
flexible hinge region (residues 77-82), as indicated by the negative Ads in this region.
However, the eight helical regions of CaffCaM are largely retained upon binding to caerin
1.8.11, indicated by the eight sustained regions of positive Ads and positive CSIs. This
demonstrates that the large chemical shift changes observed as a result of binding are likely
due to rearrangement of the helices, rather than a dissolution of any secondary structure

elements.
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Figure 4.19: (A) aC '3C secondary shifts and, (B) the corresponding CSI plot of
CafﬁCaM bound to caerin 1.8.11. Where the resonance was not assigned, the CSI is
arbitrarily plotted as 0.5 to differentiate from zero and negative CSIs.
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4.3.5.9 Chemical Shift Perturbations

It is possible to map chemical shift perturbations (CSPs) that occur in CafﬁCaM upon
complexation with caerin 1.8.11, to determine regions where significant CSPs occur as a
result of binding. These data essentially depict the difference in chemical shift between the
unbound and bound forms of CafﬁCaM, and are summarised for the a'3C, and backbone
amide "NH and N'H in Figure 4.20. Chemical shifts of unbound Ca}*CaM were obtained
from a previous study [442]. There are significant CSPs across the protein backbone, but
generally speaking, the most significant perturbations are observed in the central region of

the protein (around residue 81) and at the C-terminus.
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Figure 4.20: Chemical shift perturbations in the (A) amide N'H, (B) amide °NH, and
(C) a'C resonances of CafﬁCaM as a result of binding to caerin 1.8.11.
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4.4 Discussion

4.4.1 Insights from Circular Dichroism

It is well established that the binding of Cai+CaM to its peptide targets induces helical
structure in the peptide, without significantly affecting the secondary structural elements of
the protein [366, 423-425]. The amphibian peptides studied herein represent each of the
three classes of amphibian peptide inhibitors. They also have other multifaceted activities,
and in addition to their Cai*CaM binding properties they are potent antimicrobial peptides
(AMPs, Section 5.1.3) [384, 392]. This AMP activity requires them to adopt an a-helical

conformation to trigger membrane disruption.

It can be seen from the data presented in Figure 4.5 that addition of the peptide substrate
to a solution of CafﬁCaM results in the induction of further a-helical structural elements
in the sample. Whilst the increase in helical signal may be due to conformation change
and stabilisation of the CaM structure, the likely reason is due to helix formation by the
peptide. As the peptide itself in solution adopts a random coil structure (data not shown),
with a different characteristic CD spectrum (a minimum at 195 nm), it can be inferred that
addition of peptide results in binding, and a structural conversion of the peptide to the
favoured a-helical conformation. This is evidenced by the enhanced CD signals at 208 and

222 nm.

4.4.2 Insights from Isothermal Titration Calorimetry

The binding isotherms obtained from the ITC experiments were all indicative of very strong
interactions, as evidenced by their steepness (Figures 4.6, 4.7 and 4.8). Optimisation of the
experimental conditions was attempted in order to try and obtain isotherms better suited
to more reliably determine kinetic data. However, this was unsuccessful, presumably due
to the strength of the binding interactions. Nevertheless, the data were fit to a single
site binding model, and all fitted K; values were in the low nM range, demonstrating
the strength of the interaction. The binding of the peptides was also shown to be

stoichiometric, with fitted n-values in the range 0.91-1.23.
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The AC,s of binding have also been determined (Table 4.7), with these values lying in the
range of -2.7 to -3.0 kJ.mol ".K™'. A number of Ca;*CaM:peptide complexes have been
analysed by ITC, and their associated AC, values have been previously reported [427].
The previously studied peptides are divided into two groups, depending on the AC, of
their complexation with CaﬁJ’CaM. It has been determined that a complex which adopts
the canonical collapsed conformation exhibits a AC, in the order of - 3.2 kJ.mol 1.K™1,
whilst extended conformations, where only the C-terminal lobe of Cai““CaM is involved in
binding, exhibit a AC,, in the order of -1.6 kJ.mol 1.K™! [427]. This significant difference
in magnitude can be attributed to the decreased solvent accessible surface area when the
complex adopts the canonical collapsed conformation [427]. Comparison of the results
obtained here with previously published AC, values lends support to the notion that the
studied amphibian peptides force Cai*CaM to adopt the canonical collapsed conformation
upon binding, with the peptide encapsulated between the N- and C- terminal lobes of the

protein.

4.4.3 Insights from Ion Mobility-Mass Spectrometry

4.4.3.1 Conformational Analysis of Calmodulin and Ca*' Binding

Often negative ion mode mass spectrometry is used to study CaM and its complexes
[419, 429, 431]. This is primarily to minimise non-specific Ca®* adduction, which can
occur more readily in the positive ion mode [443, 444]. In this work, positive ion mode
travelling wave IM-MS was used, as it is a well-characterised technique to probe the CCSs
of proteins and protein complexes [43]. Here, conditions were carefully controlled to
minimise non-specific Ca?* adduction. Negative ion mode travelling wave IM-MS is rarely
utilised to calibrate for drift time, due to the more limited number of calibrants available.
However, preliminary work in this area suggests calibrated CCSs of CaM in the positive and
negative ion mode are comparable (data not shown) [445]. It should also be noted that
CaM has been shown to behave differently in the positive and negative ion modes when

studied by ESI-MS [446].
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Recent reports have challenged traditional thinking about the dumbbell structure of
Caﬁ*CaM. In particular, NMR evidence suggests that Ca?>" has a destabilising effect on
the dumbbell structure, and a recent X-ray crystal structure has shown that holo-CaM
can exist in a more globular form [349, 351, 357]. It is apparent from the IM-MS
spectrum of CaM (Figure 4.9) that there are two gaussian charge state distributions and
two populations in the IM-MS drift plot, consistent with the presence of two gas phase CaM
conformers. The distribution centred around [M+13H]"3" is likely to correspond to more
extended, unfolded structures [447-449], whilst the other around [M+7H]’* is likely to
correspond to the more globular form of CaM. The relative abundance of the two charge
state distributions indicate that the globular form predominates. As the mass spectrometric
conditions used were controlled to retain native protein structures, it is likely that these
two populations reflect the solution phase conformational flexibility of CaM, consistent
with previous MS [430, 431] and NMR [349, 357] data. The IM data does not show a
significant population of ions with structures intermediate between the two conformations,

indicating that these may be unstable in the gas phase on the time-scale of the experiment.

The calibrated CCSs of CaM at a variety of calcium occupation states are summarised in
Table 4.9, and are consistent with reports studying CaM complexes by both positive and
negative ion mode IM-MS [429, 450]. It is evident from these data that significant increases
in CCS occur at and above the [M+9H]°* charge state, indicating these higher charge state
ions are of a different conformational state. This is the case for apoCaM and all of the Ca**
adducts. The difference between the CCSs of the two conformational states observed in the
IM-MS spectra (Table 4.9) and those calculated for the dumbbell and globular CafﬁCaM
(Table 4.11) compare favourably, suggesting the maintenance of these two solution phase

conformations.

The differences in CCS between apoCaM and Cai*CaM indicate that rearrangement to
a more compact structure takes place to incorporate all four Ca®* ions. The data also
indicate that the first and third Ca*" binding events do not result in significant CCS
changes. Conversely, the CCS trends indicate that binding of Ca?" two and four lead to a
more pronounced decrease in CCS. This is especially evident at lower charge states (below
[M+9H]°"), that is, for the more compact CaM structures. This suggests that binding of the

first Ca®" to each lobe results in a local structural change rather than a global reorganisation
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of protein structure. Only once both EF hand domains in a lobe have bound Ca*" does a

significant structural change occur.

4.4.3.2 Calmodulin-Peptide Binding

This work presents the first example of IM-MS analysis of CafﬁCaM:amphibian peptide
complexes, and in addition to this, the first IM-MS analysis of a CaM:peptide complex of
extended structure. The CaM:C20W complex studied has been shown by NMR to adopt
this less common extended conformation, in which the first 12 residues of the peptide
interact with only the C-terminal lobe of CaM [368]. This binding event has been shown
to only require 2 equivalents of Ca®", unlike those which require both lobes of CafﬁCaM

[419, 445].

It can be seen in Figure 4.10 that the charge state distributions of the CaM:peptide
complexes are relatively narrow and are at low charge states (high m/z), suggesting
the complexes are relatively compact and of well-defined structure. This is distinct
from the conformational flexibility in apo- and holo-CaM, and the consequent large
number of charge states observed (Figure 4.9). Additionally, it can be seen that the
CaZ*CaM:amphibian peptide complexes adopt charge states of [M+8H]** and [M+7H]"*,
whilst the Ca2*CaM:C20W complex adopts charge states [M+8H]*" and [M+9H]**
(Figure 4.10). The higher charge states adopted by the CaM:C20W complex is consistent

with it having a more extended structure than the other complexes studied.

The calibrated CCSs for the complexes studied at the charge states observed are
summarised in Table 4.10. Comparison of the measured CCSs at the [M+8H]®* charge
state demonstrate that, generally speaking, the Ca;*CaM:amphibian peptide complexes
exhibit smaller CCSs than that of the Ca2*CaM:C20W complex. This is consistent with
these complexes adopting the more compact, canonical structure upon binding. Notably,
the CafﬁCaM:caerin 1.8 and Caﬁ+CaM:C20W complexes have comparable CCS’s (within
the estimated error of 8 - 10 %), which are larger than the CaM complex with the
truncated variant caerin 1.8.11. NMR experiments have previously shown that only the
N-terminal portion of caerin 1.8 is encapsulated by CaM, with the remaining C-terminal

region excluded from the hydrophobic binding pocket [451]. The slightly larger CCS of the
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CaffCaM:caerin 1.8 could be explained by these data, with the remaining peptide excluded
from the complex, so it is unstructured and flexible in solution resulting in a larger CCS.
Conversely, data has indicated that the entirety of the dahlein 5.6 peptide interacts with
Caﬁ*CaM [452], and is encapsulated by the protein, providing an explanation as to why
the complex has a smaller CCS than that involving caerin 1.8. Similar experiments have
not been performed for citropin 1.1 (mod. 13), although the measured CCS, which is
similar to that of the caerin 1.8.11 complex, suggests the peptide is completely engulfed
within Cai*CaM upon complexation. This observation should be further probed using

complementary techniques, including NMR spectroscopy.

Theoretical CCSs were calculated for model canonical compact and extended complex
structures (Table 4.11). Both PA and EHSS values were calculated as a guide to upper and
lower bounds for CCS. These theoretical CCSs demonstrate that the canonical collapsed
complex structures exhibit a reasonable variation in CCS. However, it is clearly evident
that the Ca?CaM:CZOW complex exhibits a larger CCS, consistent with its extended
conformation, where only one lobe of CaM is involved in binding the peptide. Comparison
of the theoretical CCS of the Ca?CaM:CZOW complex with those measured from IM-MS
show a good agreement between the two. In addition, CCSs of the amphibian peptide
complexes all show good agreement with those calculated from structures in the PDB
which adopt the compact conformation (except for the caerin 1.8 complex, due to
the reasons outlined above). This provides further support for the notion that these

Cai*CaM:amphibian peptide complexes are of this canonical structure.

4.4.4 Insights from NMR Spectroscopy

4.4.4.1 NMR Spectroscopy of Unbound Caerin 1.8.11

It is well-known that in order for an interaction with CafﬁCaM to occur, the binding
partner must comprise an overall positively charged sequence which adopts an amphipathic
a-helical structure when bound [337, 338, 366, 367]. It has been shown by CD that
caerin 1.8.11 also adopts this structure when bound to CafﬁCaM. To determine the

helical structure of caerin 1.8.11 when bound, a solvent system was used to induce
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this secondary structure in bulk solution, namely the membrane mimicking DPC micelles
(Section 4.3.5.1). The peptide is highly likely to adopt this structure when bound to CaM.
This amphipathic character is further illustrated in the Schiffer-Edmundson helical wheel
projection (Figure 4.21B), and it is evident that this amphipathicity is more pronounced in

the truncated peptide, when compared with full length caerin 1.8 (Figure 4.21A).

Figure 4.21: Schiffer-Edmundson helical wheel representation of (A) caerin 1.8 and (B)
caerin 1.8.11. Hydrophobic residues are coloured green. Hydrophilic residues are
coloured yellow. Pro residues are illustrated in red.

In addition to forming this positively charged amphipathic a-helical structure upon
binding, it is generally accepted that large hydophobic residues must be in conserved
positions, on the same face of the a-helix. The presence of these conserved residues
at positions 1-5-10 or 1-8-14 determines the interactions with CafﬁCaM [366]. The 11
residue caerin 1.8.11 has large hydrophobic groups Leu2, Leu6, Val9, corresponding to a
1-5-8 arrangement of hydrophobic anchor residues in the peptide. This differs from most
of the recognition motifs in peptides which form the canonical compact type structure upon
binding. Interestingly, the C20W peptide, which forms an extended complex with CafﬁCaM
exhibits this motif of anchor residues [368]. However, in this instance, a significant
amount of structural data supports the notion that Cai+CaM adopts the canonical collapsed
conformation when bound to caerin 1.8.11. This demonstrates that the binding motif alone

cannot be used to determine the conformation of the resultant peptide:CaiJrCaM complex.

4.4.4.2 NMR Spectroscopy of the CaM:Caerin 1.8.11 Complex

It is well documented that peptide binding to Cai+CaM results in minimal disruption to
the helical structure of the protein, but induces secondary structure in the binding target
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[366, 423—-425]. It is apparent from the NMR data that a similar situation is observed here
for the complex of Cai+CaM with caerin 1.8.11. The eight sustained regions of downfield
aC BC Ads (positive CSIs), as indicated in Figure 4.19, conform with the known eight
helical domains as determined by NMR studies of the unbound Cai*CaM [359].

These data are also consistent with previous observations that the central helix of
Cai*CaM, as observed in the X-ray crystal structure, is disrupted at the known hinge
region in solution (residues K77-E82) [355, 359]. This flexible hinge is necessary for the
conformational rearrangement that occurs when binding peptide targets in the canonical

compact conformation.

In addition, the data obtained from NMR again supports the notion that the whole protein
is involved in binding, but the enhanced CSPs at the C-terminus suggest the peptide more
strongly associates with this region (Figure 4.22), as outlined for several other CaM binding

peptides which adopt the canonical complex structure [424, 438].

To obtain a clearer, overall picture of the CSPs that are occurring upon binding to caerin
1.8.11, Figure 4.22 displays the overall CSPs of the amide group of CafﬁCaM, calculated

using the relationship below [453];

CSP(ppm) = 1/0.102 x AG(SN)? + AS(\H)? 4.1)

where A8 (*°N) and A5 (*H) are the '°N and 'H CSPs, respectively. CSPs greater than 0.25
ppm are considered significant, whilst those greater than 0.5 ppm are considered dramatic
[424]. These data show the effects of binding more clearly, and confirm that the largest
CSPs are occurring at the C-terminus of Cai*CaM, with more dramatic CSPs in this region,

but there are significant CSPs across the whole sequence [424].

These CSPs can be mapped to residues of the hydrophobic pockets of CaM, or those residues
nearby (Figure 4.23). This hydrophobic core region is considered to be formed by the first
and fourth helices of each domain (i.e helices I and IV form the N-terminal hydrophobic
domain and helices V and VIII form the C-terminal hydrophobic domain [351]). Notably,
significant or dramatic CSPs are observed for numerous hydrophobic residues in and
around the hydrophobic core region. This indicates that hydrophobic interactions are vital
in the binding of Caﬁ+CaM to caerin 1.8.11. Additionally, many of the Met residues located
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Figure 4.22: Average amide CSP in CafﬁCaM as a result of binding to caerin 1.8.11. CSPs
>0.25 are considered significant (pink) and CSPs >0.5 are considered dramatic (red)
[424].

in both of the N- and C- terminal hydrophobic pockets of CaM (such as Met 36, 71, 109,
124, 144 and 155) show dramatic CSPs upon binding (Figures 4.22 and 4.23). These
Met residues are well known to play an important role in binding [366]. Together, these
data indicate that both hydrophobic regions of CafﬁCaM are involved in binding to caerin

1.8.11, confirming that the complex is adopting the canonical compact arrangement.

Figure 4.23: (A) Surface representation of the dumbbell structure of Cai*CaM (PDB:
1CLL). The hydrophobic domains are shown in yellow, and Met residues are shown in
green. (B) Residues that exhibited significant (CSP >0.25 ppm) and dramatic (CSP >0.5
ppm) chemical shift changes are shown in pink and red, respectively.

The experiments presented in this chapter do not allow for a complete high-resolution
structural characterisation of the Cai*CaM complexes. For this to occur, further
multidimensional NMR experiments would need to be performed to determine
intermolecular NOEs between CaM and the peptides. Even so, the wealth of low
resolution structural data presented provides a substantial basis for the understanding

and further characterisation of the interactions between CafﬁCaM and these amphibian
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peptides which inhibit nNOS. Overall, the results overwhelmingly demonstrate that all the

Caﬁ*CaM:amphibian peptide complexes studied adopt the canonical collapsed structure.
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4.5 Experimental Procedures

4.5.1 Materials

Unless specified, reagents were purchased from Sigma Aldrich (St.  Louis, MO,
USA). ®N-ammonium chloride and '*C-glucose were purchased from Cambridge Isotope
Laboratories (Andover, MA, USA). Peptides were synthesised using L-amino acids and the
standard N-a-Fmoc methodology by GenScript Corp. (Piscataway, NJ, USA). Samples for
NMR spectroscopy were shown to be greater than 90 % pure by HPLC and ESI-MS.

4.5.2 Protein Gels

The Mini-Protean Tetra Cell system was used along with precast TGX Gels (Bio-Rad,
Gladesville, NSW) and TGS running buffer (25 mM tris, 192 mM glycine, 0.1 % (w/v)
SDS, pH 8.3). Protein standards were purchased from Bio-Rad and all gels were stained
with Coomassie blue stain solution (0.1 % Coomassie blue, 30 % methanol, 10 % glacial

acetic acid) and destained with a solution of 50 % methanol, 5 % glacial acetic acid.

4.5.3 Expression of Calmodulin

CaM was expressed by inoculating Lurea broth (LB, 1 % bacto-tryptone, 0.5 % yeast extract,
1 % sodium chloride, adjusted to pH 7) (10 mL) with a single colony of the BL21 (DE3)
strain of E. coli containing the pET28 vector with the CaM gene inserted (a kind gift
from Joachim Krebs, Max Planck Institute for Biophysical Chemistry, Germany). This was
incubated overnight at 37 °C, with shaking. A 3 % subculture was made the following
morning into LB and the cells were grown until an ODg,, of 0.6-0.8 was reached. Protein
expression was induced by adding IPTG to a concentration of 50 mM. The cells were left
to express for 2 hr before being harvested by centrifugation at 3000 xg for 15 min at 4 °C.

Cell pellets were frozen at -20 °C until required.

1>N/13C-labelled CaM was prepared by inoculating Min A medium (60 mM dipotassium

phosphate, 33 mM potassium dihydrogen phosphate, 1.7 mM sodium citrate, autoclaved,
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then added 15 mM ®N-ammonium chloride, 0.005 % thiamine, 0.2 % '3C-glucose, 0.8
mM magnesium sulfate, 10 mL) with a single colony of the BL21 (DE3) strain of E. coli
containing the pET28 vector with the CaM gene inserted. This was incubated overnight
at 37 °C, with shaking. A 3 % subculture was made the following morning into Min
A medium containing >N-ammonium chloride and *C-glucose as the sole nitrogen and

carbon sources. Protein expression was completed as described above.

4.5.4 Purification of Calmodulin by Hydrophobic Interaction

Chromatography

CaM was purified using a procedure previously outlined [420, 421, 454]. Briefly, the cells
were suspended in 20 mL of lysis buffer (10 mM HEPES pH 7.5, 1 mM EDTA, 1 mM NaN,,
10 mM DTT, 1 mM PMSF) and lysed by repeated freeze-thawing using liquid N,. The lysate
was centrifuged (13, 000 xg, 20 min) and the supernatant heated at 80 °C in a water bath
for 10 min and centrifuged again. 5 mM CaCl, was added to the sample and it was further

centrifuged.

The supernatant was filtered through a 0.45 um syringe filter and the soluble proteins
were loaded onto a 50 mL Phenyl Sepharose column (GE Life Sciences, Rydalmere, NSW)
equilibrated with 10 mM HEPES pH 7.4, 4 mM CaCl,. Unbound material was removed
from the column by washing with equilibration buffer. The column was then washed
with 3 column volumes of equilibration buffer supplemented with 500 mM NaCl and then
reequilibrated in the initial buffer. CaM was eluted with 10 mM HEPES pH 7.5, 5 mM EGTA.
Fractions were analysed by SDS-PAGE and those which contained CaM were pooled and
concentrated by centrifugal ultrafiltration using Amicon centrifugal filtration units with a

10 kDa molecular weight cut-off (Millipore, Bedford, MA, USA).
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4.5.5 Circular Dichroism Spectroscopy

CD spectra were acquired in the far-UV range using a Jasco-815 spectropolarimeter
(Jasco, MD, USA) at room temperature using a 0.1 cm path length quartz cuvette. Each
spectrum was obtained by averaging five scans and subtracting the buffer contribution.
A 2 uM solution of CaM in 10 mM Tris-HCI, 10 mM KCl, 5 mM CaCl,, pH 6.3 was
used. The concentration of CaM was determined spectrophotometrically by measuring
the absorbance at 277 nm and using an extinction coefficient of 3300 M~ '.cm™ [455].
Peptides (1 molar equivalent) were added from a stock solution (400 uM) in the same

buffer.

4.5.6 Isothermal Titration Calorimetry

CaM was expressed and purified as previously described. The protein was extensively
dialysed against the ITC buffer (10 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM
CaCl,) to ensure complete buffer exchange. The concentration of CaM was determined
spectrophotometrically by measuring the absorbance at 277 nm and using an extinction

coefficient of 3300 M~*-cm™! [455].

Peptide stock solutions were prepared in mQ water and concentrations determined by
amino acid analysis. Aliquots were taken and lyophilised before being resuspended in

the ITC buffer, used to dialyse the protein, prior to analysis.

Binding of the peptides to Caﬁ*CaM was studied using a VP-ITC microcalorimeter
(MicroCal, Norhampton, MA). The peptide solutions (300 uM) were injected into the
sample cell containing CaM (30 uM). The first injection (2 uL) was followed by 19
injections of the peptide solution (15 uL). Experiments were conducted at four different
temperatures. The heat of dilution was measured by titrating buffer into the protein
solution and was found to be minimal, nonetheless this was subtracted from the
experimental data (not shown). The raw data were fitted to a single site binding model

using Origin software (Version 5.0, MicroCal).
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4.5.7 Ion Mobility-Mass Spectrometry

4.5.7.1 Sample Preparation

CaM (Sigma Aldrich, MO, USA) was dissolved in water at a concentration of 40 uM and
dialysed against 4x 2L 10 mM ammonium acetate, 2 mM EDTA; 4x 2L 10 mM ammonium
acetate, pH 6.8. The concentration of CaM was determined spectrophotometrically by
measuring the absorbance at 277 nm and using an extinction coefficient of 3300 M~*-cm™!
[455], and the solution was diluted to a final concentration of 10 uM. CafﬁCaM was
prepared by adding 2.5 molar equivalents of Ca®" ions in the form of calcium acetate
(from a stock solution of 5 mM calcium acetate in 10 mM ammonium acetate, pH 6.8) to
observe CaM with its full complement of four Ca*" ions. Peptide solutions were prepared by
dissolving the solid in buffer (10 mM ammonium acetate, pH 6.8) at a concentration of 1-3

mM. Small aliquots were added to the CaM solutions to achieve the desired peptide:CaM

molar ratios (typically 1:1).

4.5.7.2 Mass Spectrometry

IM-MS spectra were acquired on a Synapt HDMS system (Waters, UK) [48], using nanoESI
in the positive ion mode. The sample was introduced using platinum-coated borosilicate
capillary needles that were prepared in-house. Instrument parameters were optimised to
remove adducts whilst preserving non-covalent interactions, and were typically as follows;
capillary voltage, 1.8 kV; cone voltage, 40-80 eV; trap collision energy, 10 V; source
temperature, 50 °C; backing pressure, 5 mBar; IMS cell pressure (N,), 0.5 mBar; travelling
wave velocity, 400 ms™!; travelling wave height, 6-9 V. The MS data were processed using
the program MassLynx (Waters, UK, version 4.1) and deconvoluted using the maximum

entropy algorithm incorporated in the software.
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4.5.7.3 Data Analysis

Drift-time measurements obtained from the Synapt HDMS were normalised for charge state
and a nonlinear correction function was applied for calibrant ions such that their relative
differences mirror those previously observed for the same ions [43, 122, 456, 457]. CCSs of
the reference samples were taken from the literature using values for ubiquitin, myoglobin
and cytochrome c [119]. The CCS calibration procedure is described in detail elsewhere

[43].

CCSs of model protein structures were calculated using the program MOBCAL (developed
by Jarrold and co-workers) [120, 121]. Structural coordinates from previous studies using
NMR and X-ray crystallography were obtained from the Protein Data Bank (PDB) with

accession numbers indicated in the text.

4.5.8 NMR Spectroscopy

4.5.8.1 NMR Spectroscopy of Unbound Caerin 1.8.11

Caerin 1.8.11 (2.8 mg, 2.5 umol) and DPC (39 mg, 0.1 mmol) were dissolved in an aqueous
solution of 10 % D,0 and NaH,PO, buffer (50 mM) giving a final peptide concentration
of 5 mM in a volume of 0.5 mL. This concentration of DPC was selected as it greatly
exceeds the CMC [223] and it produces a solution of approximately one peptide molecule

per micelle [222, 224, 458]. The pH was adjusted to pH 5.98 (using NaOH).

NMR spectra were recorded using a Varian Inova-600 NMR spectrometer, with a 'H
frequency of 600 MHz and a '*C frequency of 150 MHz. Experiments were carried out
at 25 °C and referenced to water (4.82 ppm). The water signal in both the TOCSY and
NOESY experiments was suppressed by presaturation. This was achieved by application of
a low power RF pulse at the frequency of the water resonance during the 1.1 s relaxation
delay between scans. The water signal in the DQF-COSY spectra was suppressed using

gradient methods [459].

TOCSY, DQF-COSY and NOESY experiments were acquired in the phase-sensitive mode,
with time proportional phase incrementations in t; [460]. For each experiment, 8 to 16
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time-averaged scans were acquired per increment, with a total of 200 t; increments for
TOCSY and NOESY spectra and 512 t; increments for DQF-COSY spectra. The FID in t,
consisted of 2878 data points over a spectral width of 9592.3 Hz. NOESY spectra were
acquired with a mixing time of 150 ms and the TOCSY pulse sequence included a spin-lock
of 80 ms. HSQC experiments were recorded for the assignment of a'>C resonances using
correlations with the attached a'H. These experiments consisted of 8 time-averaged scans
over a total of 512 t; increments. 2878 data points were collected over a spectral width of

9592.3 Hz in the 'H dimension (F,).

2D spectra were processed using VNMR software (VNMRJ, Version 2.1, Revision B). The
data matrices were multiplied by a Gaussian function in both dimensions then zero-filled
before Fourier transformation. The final processed 2D NMR matrices consisted of 4096 x

4096 real data points.

4.5.8.2 Structure Calculations

'H resonances in the NOESY, DQF-COSY and TOCSY spectra of caerin 1.8.11 were assigned
using Sparky software (version 3.111) by means of the sequential assignment procedure
[160]. The volumes of the larger of the two symmetrical cross-peaks were converted to
distance restraints by the methods of Nilges et al. [190]. 3Jyy.y coupling constants were
measured from the high-resolution 1D spectra obtained. From this analysis, dihedral angles

were restrained in accordance with the guidelines outlined in Section 2.3.8.3.

Structures were generated from random starting conformations, using the standard RMD
and SA protocol of ARIA (Version 1.2) [461], implemented with CNS (Version 1.1) [462].
Each ARIA run consisted of 8 iterations of structure calculations. The standard ARIA
parameters were utilised, however, better convergence was achieved using parameters
based on those used by Pari et al. [463] and Kang et al. [464]. The final iteration
of calculations generated 60 structures from which the 20 lowest calculated potential
energy structures were selected for analysis. The programs VMD (Version 1.8.2) [465]

and MOLMOL (Version 2k.2) [466] were used to visualise the 3D structures.
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4.5.8.3 Sample Preparation for NMR Titration

15N/'3C-labelled CaM (3.16 mg, 1.89 x 1077 mol) was dissolved in a 500 uL aqueous
solution of 10% D,0O, potassium chloride (100 mM) and calcium chloride (40 mM). The
solution was adjusted to pH 6.3 by the addition of small quantities of dilute hydrochloric
acid or sodium hydroxide, as required. Sodium azide (0.02 %) was added as a preservative.
Caerin 1.8.11 (1.69 mg, 1.51 x 107° mol) was dissolved in water (500 uL) and divided into
aliquots such that successive additions would give the desired mole ratio of peptide:CaM
(Table 4.16). The aliquots were lyophilised and the dried peptide portions were added to
the solution in sequence prior to recording each spectrum. The pH was readjusted to 6.3

as required.

Table 4.16: Caerin 1.8.11 quantities used in the titration with 1>N/3C-labelled CaM.

Step Caerin 1.8.11 Caerin 1.8.11 Peptide: CaM ratio

(mg) (x 1077 mol)
0 0 0 0:1
1 0.042 0.38 0.2:1
2 0.084 0.76 0.4:1
3 0.127 1.14 0.6:1
4 0.168 1.52 0.8:1
5 0.211 1.89 1:1
6 0.844 3.78 2:1
7 1.689 7.56 4:1

4.5.8.4 N HSQC NMR Titration

All NMR spectra were recorded on a Varian Inova-600 NMR Spectrometer with a 'H
frequency of 600 MHz and a *C frequency of 150 MHz. Experiments were conducted
at 25 °C. The standard gNhsqc [467] pulse sequence from the VnmrJ library was used. 128
increments, each consisting of 8 transients were acquired over 2048 data points. In the
'H dimension, a spectral width of 12019.2 Hz was used, whilst in the >N dimension, a
spectral width of 1944.3 Hz was used. Spectra were processed using NMRPipe [468] and
viewed with CCPNMR Analysis (Version 2.1) [469].
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4.5.8.5 Three-Dimensional NMR Spectroscopy

All NMR spectra were recorded on a Varian Inova-600 NMR Spectrometer with a 'H
frequency of 600 MHz and a *C frequency of 150 MHz. Experiments were conducted
at 25 °C. The 'H frequency domain was referenced to DSS at 0.0 ppm, whilst the
heteronuclear dimensions were referenced indirectly [470]. The standard gHN CACB

[176] and gCBCA_CO_NH [177] pulse sequences from the VnmrJ library were used.

Both spectra were acquired with 64 (t;) and 32 (t,) increments, each consisting of 8
transients over 2048 data points. The carrier frequencies for 'H, *C and >N were set
to 4.773, 47.362 and 118.861 ppm, respectively and spectral widths of 12019.2 Hz (*H),
12062.0 Hz (*3C) and 1944.3 Hz (**N) were used.

The spectra were processed using NMRPipe [468] and viewed with CCPNMR Analysis
(Version 2.1) [469]. Assignment of the NMR spectra was performed using a combination

of the main-chain directed [178] and sequential [160] assignment procedures.
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Amphibian Peptides That

Inhibit Fibril Formation and Self-Assemble

5.1 Introduction

A number of human disease states have the hallmark histological feature of extracellular
or intracellular amyloid deposits [8, 471]. These include neurodegenerative diseases,
where protein aggregation occurs in the brain, and nonneuropathic localised or systemic
amyloidoses, where aggregation occurs in a single tissue (not the brain), or in multiple
tissues, respectively (Table 5.1). Some of these conditions arise in individuals with a
genetic predisposition, alternatively they can occur sporadically. The proteins found in the
aggregates vary between disease states and share no obvious functional similarity, sequence

identity or structural homology [8].

The high economic and social impacts [472] of amyloid diseases has led to much
research into fibril formation by disease related proteins, in an attempt to identify
new targets for therapeutic intervention [471, 473, 474]. This is especially true for
proteins associated with age related neurodegenerative diseases, including Amyloid-f3
(AB, Alzheimer’s disease) [475, 476] and a-synuclein (Parkinson’s disease) [477, 478],
and nonneuropathic amyloidoses, such as IAPP (Type II diabetes) [479-481] and
pB2-microglobulin (hemodialysis-related amyloidosis) [482-484].
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Table 5.1: Selected diseases associated with amyloid formation. The associated
aggregated proteins/peptides are indicated. Adapted from [8].

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Many non-disease related proteins also form these amyloid structures as a requirement
for their normal biological activities [8, 485, 486]. Several examples of proteins which
form amyloid fibrils with non-pathological functions are detailed in Table 5.2. A number
of host-defence peptides have also been shown to form fibrils, again a functional link is
proposed (Section 5.1.3). Finally, as amyloid structures can also be formed in vitro from
proteins not known to cause disease, it has also been proposed that fibrillar species may

potentially be useful as a new class of nanomaterials [487-491].
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Table 5.2: Proteins that form functional, non-pathological amyloid fibrils. Adapted from

[8].

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

5.1.1 Amyloid Fibril Formation, Structure and Toxicity

The two process of protein folding and aggregation are competitive (Section 1.3), with
environmental and physicochemical conditions dictating which pathway is favoured. For
ordered (amyloidogenic) aggregation to occur from a folded protein, a partial unfolding of
the native structure must occur to afford an intermediate on the amyloid pathway [8].
Conversely, intrinsically disorded proteins must partially fold to form an intermediate
structure [492]. These intermediates then interact in a specific manner to afford the
B-sheet containing nuclei upon which the fibrillar structure is assembled [8, 493, 494]. The

formation of these nuclei (or ‘seeds’) is often the rate determining step in fibril formation.

All amyloid fibrils share similar structural characteristics, irrespective of the protein from
which they are derived [495]. Typically, they are long filamentous structures (often 6-12
nm in diameter and up to microns in length) which contain a ‘cross-f3’ fibrillar core that
is resistant to proteolysis [496-499] (Figure 5.1). In many instances, only certain regions
of the protein are incorporated into the core, whilst the remainder of the chain remains
flexible, and susceptible to proteolytic degradation [500]. This core is characterised by
the presence of f3-strands oriented perpendicular to the fibril axis which are separated by
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a distance of approximately 4.7 A. Stacking of these f-strands results in 3-sheets which
extend laterally along the length of the fibril, with an inter-sheet spacing of approximately
9-11 A [8, 496, 501]. These stacked 3-sheet structures are termed protofilaments and the

mature fibril comprises several of these structures which are interwoven [496, 502, 503].

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 5.1: Schematic diagram illustrating the substructure of an amyloid fibril (based on
data from an SH3 domain amyloid fibril). (A) The fibril comprising intertwined
protofibrils. (B) Zoomed view of one protofibril, showing the stacked -strands. (C) Top
and (D) side view of the mature fibril illustrating the packing of the -sheets about the
central core. From [504].

Amyloid fibrils are highly ordered, thermodynamically stable structures that are resistant
to extreme conditions such as dehydration, pH, temperature and pressure [487, 505, 506].
This stability often leads to many of the issues associated with amyloid diseases, as the
fibrillar species are unable to be cleared and accumulate in the affected tissue(s) [506,
507]. These deposits are termed amyloid plaques, and their presence and composition in

a relevant tissue can be used to diagnose amyloid diseases, often post-mortem [508].

It is proposed that the most toxic species on the amyloid folding pathway are the oligomeric
and pre-fibrillar aggregates [8, 509-515]. The fibrils themselves are considered less
cytotoxic or may in some cases be an inert, protective accumulation of the toxic species.
However, in some cases fibril cytotoxicity has been observed [516-518], and fibril assembly

on membranes has been shown to lead to cell death [519]. Several mechanisms to
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rationalise the cytotoxicity of the amyloidogenic species have been proposed. These include
the oligomeric species forming pores in cellular membranes (in a similar way to AMPs,
Section 5.1.3) leading to an influx of Ca®" from the extracellular space [520]. Alternatively,
the oligomeric species may bind to and activate Ca®>* ATPases either on the cell surface or
the mitochondrial membrane (after oligomer endocytosis) [510]. The overall increase in
intracellular Ca?* results in oxidative stress, which leads to the enhancement of protein
misfolding and impairment of ATPase activity [521]. Alternatively, the oligomers may
interact with the endoplasmic reticulum and mitochondrial membranes triggering opening
of the mitochondrial permeability transition pore, cytochrome c release and caspase 12
activation, leading to apoptosis [509]. The engulfed oligomers may also overwhelm
the proteasome leading to a build up of intracellular misfolded proteins [509]. Data
also indicate that the mature fibrils may interact with the membrane leading to extrinsic

apoptosis by a variety of mechanisms [516, 518].

5.1.2 Inhibitors of Amyloid Formation

Inhibition of misfolding and fibril formation presents an attractive target to treat a
variety of disease states which have the hallmark aetiological feature of amyloid deposits
(473, 474, 476, 522]. It is proposed that the neurodegenerative effects of amyloids
are related to the conformation that they adopt [509-511, 514, 515], and a variety
of strategies have been investigated to prevent the formation of this toxic fold. These
include stabilisation of the native conformation in a structured protein, thus preventing
the structural changes required for amyloid formation. Alternatively, natively unstructured
proteins may be sequestered by the addition of a binding partner to prevent aggregation.
Strategies have also been developed to target aggregates, redirecting the aggregation
pathway (to afford non-toxic amorphous aggregates), preventing fibril elongation, or
evoking fibril disassembly [473, 474, 522]. Numerous small molecules, peptides and
proteins have been identified and developed which display inhibition characteristics, and

many show potential as treatments for amyloid disorders [473, 476, 523].
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5.1.3 Antimicrobial Peptides

Most animals and plants have innate immune systems that comprise antimicrobial peptides
(AMPs) as a vital component [524, 525]. Often, a range of AMPs are secreted upon receipt
of a suitable stress stimulus with a spectrum of activities to ensure a fast, effective response
against any invading microbe(s) [526]. The prevalence of AMPs in nature demonstrates
their effectiveness as defence compounds, and their high activity and selectivity for
microbes makes them an attractive starting point for the development of novel peptide

based antimicrobials [527-530].

AMPs with a range of primary and secondary structures have been isolated from a variety
of natural sources, with the diverse peptides divided into groups on the basis of both these
factors. These include (i) anionic peptides, (ii) cationic peptides enriched with particular
amino acids (such as Pro, Arg, His, Phe, Tyr or Gly), (iii) disulfide-bond containing AMPs
which have f-strand type structures, and (iv) cationic peptides which form amphipathic
a-helices [526, 531-533]. The peptides studied in this work all lie in this final category of
AMPs.

AMPs cause the death of microorganisms by interacting with the lipid bilayer and then
causing membrane disruption, a specific but not receptor mediated process [524, 526].
Consequently, it is more difficult for an organism to develop resistance against therapeutic
AMPs, compared with traditional therapies, as in many instances this would require
significant alterations to membrane composition [530]. Several mechanisms have been
proposed to describe this process of membrane permeabilisation. It is proposed that this
may be achieved by the formation of stable pores (described by the barrel-stave and
toroidal pore models), micellisation in a detergent-like fashion (described by the carpet
model) or other mechanisms, such as by membrane thinning (molecular electroporation
or sinking rafts models) [530, 531, 534]. Other intracellular mechanisms of toxicity have

also been proposed [526].

The barrel-stave model (Figure 5.2A) [535-537] describes the mechanism by which
unstructured peptides bind to the membrane and undergo a conformational change to form
regular secondary structures, such as amphipathic a-helices and 3-sheets. Once a threshold

concentration is reached, the peptides associate to form a bundle in the membrane with
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the hydrophobic surface interacting with the acyl chains of the membrane, whilst the
hydrophilic portions line the internal surface of the pore [538, 539]. Often AMPs are
too short to traverse the bilayer, so this pore originally forms only in the outer leaflet, and
only once a significant amount of peptide has bound to the bilayer do the monomers insert
further into the hydrophobic core, allowing the pore structures to traverse the entire bilayer

[540].

The toroidal-pore mechanism (Figure 5.2B) [537, 541] describes a situation where the
polar face of the peptide associates with the lipid head groups. In this process, the lipids of
the bilayer tilt to connect the two leaflets of the membrane. These lipids intercalate with

the peptide molecules which form the pore structures [526].

Finally, in the carpet model [542] (Figure 5.2C), peptides electrostatically bind to the
anionic head groups of the phospholipids, covering the membrane surface as a result of
interactions between the lipid head groups and the peptides polar face. Upon reaching
a critical threshold concentration, the peptides may form transient toroidal holes in the
membrane, increasing the quantity of peptide which can access the membrane. Subsequent

disintegration and micellisation of the membrane results [543-545].

Although presented here as discrete processes, it is proposed that the three modes of

membrane activity represent single points on a continuous scale of potential mechanisms

[546].
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Figure 5.2: Mechanisms of membrane disruption. (A) Barrel-stave mechanism; the
helical peptides aggregate on the membrane and insert into the bilayer to form
hydrophilic pores, (B) toroidal-pore mechanism; the helical peptides bind to the
membrane, rotate (by interacting with the lipid head groups) and insert into the bilayer to
form toroidal pores, and (C) carpet mechanism; the peptides insert into the membrane
which dissociates after a threshold concentration is reached. The helical peptides are
represented by cylinders with hydrophobic and hydrophilic regions represented by blue
and red respectively. From [547, 548].

5.1.3.1 Amyloidogenic Antimicrobial Peptides

There are several examples in the literature of AMPs that form amyloid fibrils (Table 5.3)
(reviewed in [549]). In some instances, for example the temporins (Table 5.3) [550],
these structures were shown to form in the presence of a lipid matrix, and it has been
suggested that the membrane mediates this aggregation process [549]. It is also postulated
that amyloid formation by these AMPs is directly related to their mechanism of bacterial
cytotoxicity [550], and that neurodegenerative amyloidogenic proteins may also show
antimicrobial activity [549, 551] (or exert their toxic effects in a similar manner to AMPs
[511, 552]), as has been evidenced by AB [553]. This represents a novel relationship
between AMPs and amyloid formation by disease related proteins, which may lead to
significant advances in our understanding of amyloid diseases, and consequently lead to

the development of novel therapeutics [549].
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Table 5.3: Host defence peptides that form amyloid fibrils. Intramolecular disulfide bonds
are indicated as lines. Adapted from [549, 554].

Peptide Sequence
Humans
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES

Amyloid-f (1-40) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
Amyloid-f8 (1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
Lactoferrin® NAGDVAFV

Eosinophil cationic = RPPQFTRAQWFAIQHISLN

protein (1-19)**

Amphibians

Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS
Dermaseptin PD-3-7 LLGDLLGQTSKLVNDLTDTVGSIV
Dermaseptin S9 GLRSKIWLWVLLMIWQESNKFKKM
Temporin B LLPIVGNLLKSLL-NH,

Temporin L FVQWFSKFLGRIL-NH,

Kassinin DVPKSDQFVGLM-NH,

Pigs

Protegrin 1 RGGRLCYCRRRFCVCVGR

Cow

Indolicidin ILPWKWPWWPWRR-NH,

Insects

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ
Bacteria

Plantaracin A KSSAYSLQMGATAIKQVKKLFKKWGW
Sakacin P KYYGNGVHCGKHSCTVDWGTAIGNIGNNAAANWATGGNAGWNK
Synthetic

VP1 GTAMRILGGVI

* The full length protein forms amorphous aggregates at high pH/temperature, the indicated region
forms amyloid fibrils.
** The protein has been shown to form amyloid protofibrils, this region retains that activity.
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5.2 Aims

The use of fibril formation inhibitors presents a promising mechanism to treat a variety of
amyloidoses. Peptides are an interesting class of inhibitors, as their properties can be finely
tuned to yield the required effect. Most peptide inhibitors of AB in the literature comprise
hydrophobic residues along with 3-sheet breaking residues and/or charged residues. Many
amphibian AMPs have the required characteristics to inhibit fibril formation, given their
overall positive charge and high degree of hydrophobic/aromatic residues. The aims of
this work were to investigate a selected amphibian peptide to identify novel inhibitors of
AP aggregation. Specifically, to examine the propensity the amphibian peptide caerin 1.8,

and several synthetic modifications to inhibit fibril formation by Af3.

This work led to the discovery that the amphibian AMP uperin 3.5 forms amyloid fibrils in
solution. Consequently, this fibril formation process was investigated in some detail. The
aims of this work were to gain insights into the mechanism of fibril formation by uperin
3.5, and its similarities with other disease related proteins and peptides that form amyloid
structures. Studies of non-disease related amyloid fibril forming proteins and peptides
can provide significant insight into the structure and function of disease related amyloids.
Moreover, investigations of amyloidogenic AMPs, such as uperin 3.5, have been proposed

to afford significant insight into their mechanism of antimicrobial action.

Caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL-NH,
Uperin 3.5 GVGDLIRKAVSVIKNIV-NH,
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5.3 Results

The generic nature of amyloid structures mean that a variety of fundamental techniques
to study their formation are well established [555]. A number of these common
biophysical techniques are used in this chapter, including Thioflavin T (ThT) binding assays,

transmission electron microscopy (TEM) and atomic force microscopy (AFM).

ThT is a benzothiazole dye that displays a shift in its excitation (from 385 to 440 nm)
and emission maximum (from 445 nm to 480 nm), and an increase in quantum yield, by
several orders of magnitude, when bound to [3-sheet rich structures, such as amyloid fibrils
[556-558]. Consequently, ThT is extensively used to stain and monitor the conversion of

native peptide and protein structures to amyloid fibrils in vitro.

As ThT is an indirect method of determining fibril formation, studies are often conducted
using complementary techniques, such as TEM and AFM, to determine the morphology and

secondary structure of the produced species.

5.3.1 The Effect of Caerin 1.8 on Fibril Formation By Amyloid-f3

The effect of caerin 1.8 on the aggregation of A (1-42) was investigated by a combination
of in situ ThT fluorescence assays and TEM (Figure 5.3). Addition of 4 molar equivalents
of peptide resulted in complete inhibition of amyloid fibril formation, as can be observed
by the minimal change in ThT fluorescence in Figure 5.3A. Addition of caerin 1.8 to a
level below 4 molar equivalents results in an alteration to the kinetics of fibril formation,

inducing a longer elongation phase.

The morphology of the species present after incubation changes from the long fibrillar
species characteristic of AB(1-42) fibrils (Figure 5.3B) to amorphous looking aggregates
(Figure 5.3E-G). The addition of a lower quantity of caerin 1.8 resulted in some attenuation
of fibril formation, however, fibrillar species were still observed by TEM. From these data, it
was possible to determine the percentage of protection invoked by caerin 1.8, by analysing
the ThT maximum reached as a function of caerin 1.8 concentration, and fitting to a
logarithmic concentration response curve (Figure 5.4). The caerin 1.8 concentration that
gives 50 % inhibition of the increase in ThT fluorescence (ICs,) was 65 £ 7 uM.
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As a control, caerin 1.8 incubated alone produced no change in ThT fluorescence over the
course of the experiment and no aggregates were observed by TEM, indicating that the

peptide is inherently not amyloidogenic nor likely to interact directly with free ThT (data

not shown).
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Figure 5.3: Caerin 1.8 inhibits fibril formation by A (1-42). (A) in situ ThT fluorescence
assay of A (1-42) (25 uM) incubated at 37 °C in the presence and absence of caerin 1.8.
Representative data are shown from three independent experiments performed in
triplicate. (B and C) TEM micrographs of samples from the in situ ThT fluorescence assay.
(B) A (1-42) after incubation and (C) A (1-42) after incubation in the presence of caerin
1.8 (100 uM). Scale bars represent 1 um.
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Figure 5.4: The fitted logarithmic concentration-response (percentage of protection)
curve for calculating the ICs for the inhibition of fibril formation by Af by caerin 1.8.

The effect of truncating caerin 1.8 on its ability to inhibit fibril formation by Af(1-42)
was monitored by an in situ ThT fluorescence assay (Figure 5.5). Peptides are named in
Figure 5.5 by adding a number to indicate the number of residues in the peptide (Table
5.4). It can be observed that reducing the length of caerin 1.8 has a significant effect on its
inhibition abilities, with at least the first 11 residues required for significant inhibition of

fibril formation.
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Figure 5.5: The inhibition of fibril formation by A3 (1-42) due to caerin 1.8 and several of
its truncations, as monitored by an in situ ThT fluorescence assay. Representative data are
shown from three independent experiments performed in triplicate.

Table 5.4: Sequences of truncations of caerin 1.8 tested for their ability to inhibit amyloid
fibril formation by Af3(1-42).

Peptide Sequence

Caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL-NH,
Caerin 1.8.13 GLFKVLGSVAKHL-NH,

Caerin 1.8.11 GLFKVLGSVAK-NH,

Caerin 1.8.10 GLFKVLGSVA-NH,

Caerin 1.8.9  GLFKVLGSV-NH,
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5.3.2 Amyloid Fibril Formation by Uperin 3.5

Uperin 3.5 self assembles to form amyloid fibrils in buffered solutions at physiological
pH. The fibril formation process was investigated using several methods. Firstly, an in situ
thioflavin T fluorescence assay was used to monitor the kinetics of fibril formation by uperin
3.5 (Figure 5.6A). Briefly, uperin 3.5 (100 uM, in PBS) was incubated in the presence of
ThT (20 uM). An increase in ThT fluorescence is attributed to an increased quantity of
PB-sheet rich fibril species. The kinetics of the fibril formation process are extremely fast,
with no lag phase observed, and the elongation phase being complete within approximately

5 hours.

The secondary structure content of the resultant fibrils, when compared with the
native peptide was examined using far-UV CD (Figure 5.6B). It can be seen that
incubation induces a structural transition from random coil structure (with a minimum
at approximately 195 nm) to f-sheet structure (with a minimum at approximately 220

nm).

The morphology of the produced fibrils was analysed by TEM and AFM (Figures 5.6C and
5.6D, respectively). The fibrillar species produced are approximately 20 nm high and 400

nm in length, with characteristic coiled-coil ultrastructure.
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Figure 5.6: Amyloid fibril formation by uperin 3.5. (A) in situ ThT fluorescence assay
showing the kinetics of fibril formation by uperin 3.5. Representative data are shown from
three independent experiments performed in triplicate. (B) Far-UV CD spectra of a freshly
prepared solution of uperin 3.5 (3 uM, solid line) and a solution incubated at 37 °C
(dashed line). (C) and (D) TEM and AFM images of the fibrillar species produced by
uperin 3.5 after incubation at 37 °C for 24 hr. Scale bars = 1 um.

5.3.2.1 Ion Mobility-Mass Spectrometry

In order to study the self-assembly of uperin 3.5 by IM-MS, it was necessary to determine
if the peptide was capable of forming fibrils in solutions of MS compatible buffers. This
was achieved by performing an in situ ThT fluorescence assay using a 100 uM solution
of uperin 3.5 in a 50 mM NH,OAc solution. The kinetics of fibril formation were not
significantly different from those in PBS, and the morphology of the fibrils was also similar,

as determined by TEM (data not shown).

After this, the early stage oligomers were studied by IM-MS, using freshly prepared peptide
solutions. Figure 5.7A shows the mass spectrum of uperin 3.5, with the oligomers (and
their charge states) indicated. Oligomeric states up to a hexamer were observed in the
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IM-MS spectrum. The masses of the oligomers, and their observed m/z are summarised
in Table 5.5. The experimentally observed m/z values compare favourably with those
expected. The oligomers observed all adopted discrete charge states distributions,
indicating that they are of relatively compact, well-defined structures. IM-MS allows
species of the same m /z, but different mass and charge to be separated. This is illustrated in
Figure 5.7B, which shows the ATD of ions with m/z 1781. It can be seen that two different
species are present, and separating them allows their respective isotopic distributions to be
observed (Figure 5.7C), and the oligomers can then be characterised. Generally, the more
highly charged oligomers have the highest mobility, and therefore a shorter drift time. This
is observed in these data, with the trimer (43 charge state) having a shorter drift time than

the dimer (42 charge state).

Table 5.5: Masses of uperin 3.5 oligomers, and the expected m/z for the observed charge
states.

Oligomer Order Mass (Da) Expected m/z
and Charge State

1 1781 891 (2+)
2 3562 1781 (2+)
1188 (3+)

3 5343 1782 (3+)
5343 1336 (4+)

4 7124 2375(3+)
5 8905 2227 (4+)
6 10686 2138 (5+)

ATDs were extracted from the spectra for the oligomeric species observed. The drift times
were converted to CCS using a standard calibration protocol [43] and are displayed in
Table 5.6. To minimise errors in the conversion process, CCSs were averaged over all the
recorded IM-MS spectra, which were each acquired using different IM parameters (wave
heights were varied between 8 - 10 V whilst maintaining the wave velocity at 300 ms™!).
The error associated with the measured CCSs is estimated to be approximately 8-10 %,
taking into consideration errors associated with calibrant cross-sections, the calibration

curve and the relative precision of replicate measurements [43].
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Figure 5.7: (A) Mass spectrum of uperin 3.5 (100 uM uperin 3.5, 50 mM NH,OAc). The
peaks are labelled according to the number of peptides per oligomer and their charge
state. (B) The ATD of isobaric ions with m/z 1781. The peak comprises two oligomeric
states which can be identified by their isotopic distributions. The 22" species has a longer
drift time than the 33+ species. (C) The isotopic distributions for the 22+ (top panel), and
33* (lower panel) oligomers.

Table 5.6: Experimental collision cross-sections for uperin 3.5 oligomers. An estimate of
the error in CCS measurement is 8 - 10 % [43].

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.
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Figure 5.8 displays the experimentally determined CCS of each oligomer plotted as a
function of the number of subunits in the oligomer. Also shown is an estimate of the CCS of
the oligomers calculated assuming an isotropic growth, in which the CCS of the monomer
is scaled by n*?, where n is the number of subunits in the oligomer [559]. Additionally,
a linear regression line is also shown fitted to points from oligomers comprising two to six

subunits.

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 5.8: Measured uperin 3.5 CCSs plotted as a function of the number of subunits in
the oligomer. The red line displays estimated CCSs assuming an isotropic assembly
process [559]. The dotted line shows a linear regression, r2=0.99.

5.3.2.2 Modulation of Secondary Structure and Fibril Formation by

the Cosolvent 2,2,2-Trifluoroethanol

TFE is known to destabilise hydrophobic interactions within polypeptide chains and
stabilise local hydrogen bonds between proximal residues in the amino acid sequence.
Consequently, as a cosolvent it is capable of stabilising secondary structure where it has
the propensity to form [217, 218]. Addition of TFE (0-50 % v/v) to native uperin 3.5
showed that immediately after dissolution, a-helical structure is induced, as evidenced
by the far-UV CD spectra which show characteristic minima at approximately 210 and
220 nm (Figure 5.9B). Conversely in buffered aqueous solution, a far-UV CD spectrum

characteristic of random coil structure was obtained.

Addition of TFE to the in situ ThT fluorescence assay demonstrates that addition of
10 % v/v TFE enhances aggregation significantly, 20 % TFE, only moderately enhances

aggregation, whilst the addition of 50 % TFE eliminates fibril formation (Figure 5.9A).
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Figure 5.9: Effect of TFE on the conformation and aggregation of uperin 3.5. (A) Far-UV
CD spectrum of uperin 3.5 in PBS (black), and in the presence of 10 % (blue), 20 %
(green) and 50 % (purple) TFE. (B) in situ ThT fluorescence assay showing the kinetics of
fibril formation by uperin 3.5 (black), and in the presence of 10 % (blue), 20 % (green)
and 50 % (purple) TFE. Representative data are shown from three independent
experiments performed in triplicate. TEM images of the fibrillar species produced by
uperin 3.5 after incubation at 37 °C for 24 hr in the presence of (C) 10 % TFE and (D) 20
% TFE. Scale bars = 200 nm.

Figure 5.10 shows the far-UV CD spectra of freshly prepared uperin 3.5 and a sample
incubated at 37 °C with 10 % TFE. Again, it is apparent there is a shift in the minimum
of the far-UV CD spectrum consistent with a structural transition toward more f3-sheet
secondary structure that is present in amyloid-like fibrils. Solutions incubated in both 20 %
TFE and 50 % TFE displayed far-UV spectra that did not differ significantly from the freshly

prepared samples (data not shown).

173



Chapter 5: Amphibian Peptide Self-Assembly and Fibril Inhibitors

tct

e cm mo
/)
»

ean Res ue

4
]

1

\

1

1

N

aeent nm

Figure 5.10: Far-UV CD spectra of freshly prepared uperin 3.5 with 10 % TFE (black line)
and a solution incubated at 37 °C for 2 weeks with 10 % TFE (dashed line).

5.3.2.3 Effect of Lipids on Fibril Formation

It has been shown that membranes can accelerate, possibly even catalyse, the formation
of amyloid [511]. To determine if amyloid formation by uperin 3.5 is enhanced in a lipid
environment, the kinetics of aggregation were monitored using an in situ ThT fluorescence

assay in the presence or absence of small unilamellar vesicles (SUVs) of model membranes.

Phosphocholine and cholesterol are the major constituents of mammalian membranes
[560], consequently, SUVs consisting of (1) 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC); and, (2) DMPC supplemented with 20 % cholesterol (Chol), were used as
mammalian membrane mimics. As the bacterial membrane is negatively charged,
the mixed membrane system DMPC:1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol)
(sodium salt) (DMPG) (4:1) was used as a mimic. DMPG is negatively charged, so its
inclusion mimics the negatively charged components found on the outer leaflet of the

bacterial membrane [561].

It is apparent from the far-UV CD spectra shown in Figure 5.11A, that addition of the
neutral mammalian mimetic SUVs does not have a significant influence on the secondary
structure of uperin 3.5. It is apparent by the minimum at around 195 nm in these spectra
that the peptide is adopting a random coil type structure in this environment. Conversely,
the DMPC:DMPG (4:1) containing SUVs cause a change in the far-UV CD spectra, resulting

in two minima, and a spectrum closely resembling that of a typical a-helical peptide.
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Figure 5.11B displays the results from the in situ ThT fluorescence assay. It is apparent
that the SUVs containing mammalian mimetic lipids do not have a significant influence on
the aggregation process, whilst the addition of SUVs with a net negative charge results in
an enhancement of the aggregation process. TEM images showed that the morphology of
the fibrils produced were not significantly different from those formed in buffered aqueous

solution (data not shown).
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Figure 5.11: Negatively charged lipid SUVs enhance amyloid-like fibril formation by
uperin 3.5. (A) Far-UV CD spectra of uperin 3.5 in aqueous buffer (black) and in the
presence of SUVs comprised of DMPC (dark blue), DMPC:Chol (light blue) and
DMPC:DMPG (purple). (B) in situ ThT fluorescence assay showing the kinetics of fibril
formation by uperin 3.5 (black) and in the presence of SUVs comprised of DMPC (dark
blue), DMPC:Chol (light blue) and DMPC:DMPG (purple). Representative data are shown
from three independent experiments performed in triplicate.
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5.3.2.4 Cytotoxicity of Uperin 3.5

It is well known that the amyloidogenic form of proteins display enhanced cytotoxicity
relative to the unaggregated species [516-518]. To assess the cytotoxity of uperin 3.5,
cultured pheochromocytoma-12 (PC12) cells, a neuronal cell model [562], were treated
with uperin 3.5 that had been preincubated at 37 °C for 24 hr, along with freshly prepared
solutions of the peptide (Figure 5.12). Following incubation of the treated cells for 48 hr,
cell survival was assessed by a methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay.
The MTT assay measures cell viability by quantifying (by measuring absorbance at 570 nm)
the amount of yellow MTT reduced to formazan, which is purple. The reaction is catalysed
by succinate dehydrogenase, a mitochondrial enzyme. Consequently, the assay measures

mitochondrial activity, and in turn cell viability [562].

It can be seen that cells treated with preincubated uperin 3.5, which had formed
amyloid-like fibrils (as evidenced by ThT fluorescence and TEM imaging), caused a
dose-dependent decrease in cell viability (Figure 5.12). Conversely, treatment with the
native peptide did not result in significant cell death. Treatment with higher concentrations
of native peptide (c.f. 50 uM) caused a decrease in cell viability, however, this is likely due

to fibril formation in the cell culture media.
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Figure 5.12: Concentration-dependent toxicity of native (square) and fibrillar (triangle)
uperin 3.5. Uperin 3.5 (500 uM) was dissolved in PBS and either frozen in its native form
or incubated for 24 h at 37 °C to induce fibril formation. Native (square) and fibrillar
(triangle) forms of uperin 3.5 (0-50 uM final concentration) were then added to the cell
culture media of the PC12 cells and the cells incubated for 48 h. Cell survival was
assessed using the MTT assay. Values are presented as percentage of cell survival
compared with control £ SEM of three independent experiments, each with six replicates.
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5.3.2.5 Inhibition of Fibril Formation by

(-)-Epigallocatechin-3-Gallate

(-)-Epigallocatechin-3-gallate (EGCG) (Figure 5.13), and other related molecules, have
been the subject of much research due to their ability to inhibit amyloid formation by a
variety of disease related proteins [563, 564, 564-566]. The anti-aggregation efficacy of
EGCG toward uperin 3.5 was monitored using an in situ ThT fluorescence assay. Uperin 3.5
(100 uM) was incubated at 37 °C, in the presence of a 4 molar excess of EGCG. Incubation
of uperin 3.5 with EGCG resulted in complete mitigation of any time dependent increase
in ThT fluorescence (Figure 5.14A). This is indicative of EGCG preventing fibril formation
by uperin 3.5. Addition of EGCG after the elongation phase resulted in a decrease in ThT

fluorescence, indicative of fibril disassembly.

In addition, the change in morphology induced by EGCG was monitored using TEM. The
images show a redirection of the fibril formation pathway toward amorphous aggregation
(Figure 5.14B and C). Addition of EGCG after the elongation phase also resulted in the

formation of amorphous type aggregates (Figure 5.14D).

Finally, to assess the cytoprotective activity of EGCG, PC12 cells were treated with uperin
3.5 preincubated at 37 °C for 24 hr with and without EGCG from the in situ ThT
fluorescence assay. The final concentration of both uperin 3.5 and EGCG in the culture
media was 1 uM. Following incubation of the treated cells for 48 hr, cell survival was
assessed by MTT reduction. Treatment with EGCG alone does not affect cell survival.
Significant protection from amyloid-associated toxicity is observed when uperin 3.5 was

coincubated with EGCG (Figure 5.15).
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Figure 5.13: The structure of EGCG.

177



Chapter 5: Amphibian Peptide Self-Assembly and Fibril Inhibitors

=}
©
Q
o
c
Q
Q
7}
]
—
o
=
Lo
-
=
<

Figure 5.14: EGCG inhibits amyloid-like fibril formation by uperin 3.5. (A) in situ ThT
fluorescence assay showing the kinetics of fibril formation by uperin 3.5 (black) and in the
presence of EGCG (green, 4 molar equivalents). Addition of 4 molar equivalents of EGCG
after the elongation phase (purple, addition is indicated by arrow) results in a decrease in
ThT fluorescence. Representative data are shown from three independent experiments
performed in triplicate. TEM images of the species produced when (B) uperin 3.5 was
incubated for 24 hr at 37 °C, (C) uperin 3.5 was incubated in the presence of EGCG (4
molar equivalents) and (D) uperin 3.5 was incubated, followed by the addition of EGCG
after the elongation phase. Scale bar = 500 nm.
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Figure 5.15: EGCG protects against cell death by preventing the formation of uperin 3.5
amyloid-like fibrils. MTT cell survival assay of PC12 cells treated with uperin 3.5 (1 uM
final concentration) preincubated at 37 °C for 24 hr in the presence and in the absence of
EGCG. Treatment with EGCG alone did not affect cell survival. Values are presented as
percentage of cell survival compared with control &+ SEM of three independent
experiments, each with six replicates. * indicates P <0.05.
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5.3.2.6 Effect of Mutations on Fibril Formation

The effects of mutations in the primary sequence of uperin 3.5 was probed to determine
how such changes affect aggregation propensity. Several modifications were investigated
which alter hydrophobicity and net charge (Table 5.7), as these factors are known to

modulate aggregation propensity [567].

Firstly computational algorithms were employed to predict any change in aggregation
propensity that may result. These algorithms takes into account the amino acid sequence of
the peptide or protein (not any secondary structural elements) and other physio-chemical
parameters, such as concentration, pH and ionic strength, to predict aggregation propensity
with the assumption that the core regions are fully buried. The results from the analysis
using the TANGO algorithm [568] are displayed in Figure 5.16. Figure 5.16A displays
the sequence dependent aggregation score, indicating regions of the peptide sequence
likely to be amyloidogenic, whilst Figure 5.16B displays the overall predicted aggregation
propensity. It is evident that the mutations investigated increase the predicted aggregation

propensity, some quite dramatically.
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Figure 5.16: Prediction of the aggregation propensity of uperin 3.5 and several synthetic
modifications by the TANGO algorithm at pH 7.0. (A) Sequence dependent aggregation
propensity scores and (B) overall aggregation propensity scores. Values >0 indicate
aggregation-prone segments.

The results obtained using the Zyggregator algorithm are displayed in Figures 5.17. Again,
several of the mutations investigated are predicted to increase aggregation propensity. The
overall aggregation propensity scores predicted using Zyggregator (Figures 5.17B) mostly

match the same order as predicted by TANGO, although the S11A mutant is predicted to

have a lower aggregation propensity than uperin 3.5.

To experimentally determine the effects on the aggregation propensity, in situ ThT
fluorescence assays in combination with TEM were used. The results obtained are

summarised in Table 5.7.
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Figure 5.17: Prediction of the aggregation propensity of uperin 3.5 and several synthetic
modifications by the Zyggregator algorithm at pH 7.0. (A) Sequence dependent
aggregation propensity scores and (B) overall aggregation propensity scores. Values >0
indicate aggregation-prone segments.

Table 5.7: The effect on fibril formation of uperin 3.5 and mutants (100 uM), as
monitored by in situ ThT fluorescence in PBS (pH 7.4), incubated at 37 °C. Data are
indicated as relative, average maximum ThT fluorescence from three independent
experiments.

Peptide Sequence Charge Relative ThT
Fluorescence Maximum

Uperin 3.5 GVGDLIRKAVSVIKNIV-NH, +3 1

G1L Uperin 3.5 LVGDLIRKAVSVIKNIV-NH, +3 22
K14A Uperin 3.5  GVGDLIRKAVSVIANIV-NH, +2 7

D4A Uperin 3.5 GVGALIRKAVSVIKNIV-NH, +4 9.5
K8A Uperin 3.5 GVGDLIRAAVSVIKNIV-NH, +2 36

R7A Uperin 3.5 GVGDLIAKAVSVIKNIV-NH, +2 36
S11A Uperin 3.5 GVGDLIAKAVAVIKNIV-NH, +2 1.9
Uperin 3.5(0OH) GVGDLIRKAVSVIKNIV-0H +2 0.2
reverse Uperin 3.5 VINKIVSVAKRILDGVG-NH, +3 0.1
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5.4 Discussion

5.4.1 Caerin 1.8 Inhibits Fibril Formation by A3 (1-42)

It is hypothesised that the conversion of A peptides to prefibrillar and fibrillar species
contribute to the aetiology of Alzheimer’s disease [8, 486, 512, 569], and that preventing
formation of these species may prove a useful therapeutic tool in halting formation of
amyloid deposits in the brain [473, 474, 476, 522]. A number of strategies have been
developed to prevent amyloid formation by Af, including the use of small molecule
inhibitors and also peptides [473, 476, 523]. The work presented in this chapter describes
the inhibition of aggregation by A3 (1-42) using the amphibian peptide caerin 1.8.

A number of design strategies have been employed to develop peptide inhibitors of Af3
aggregation. In particular, peptides have been developed which comprise two important
structural domains. The first of these is a recognition motif, which binds to the fibrillar core
region of Af3 by hydrophobic interactions. Secondly, a disrupting element is incorporated,

to prevent aggregation [473, 476, 523].

The recognition domains that have been incorporated into peptide inhibitors of Af
aggregation are short, four or five residue domains and have been designed based on the
hydrophobic core region of the peptide. Notably, the sequences KLVFF and KLVF have been
shown to be suitable recognition motifs [570-574]. These were identified as they correlate
with a highly amyloidogenic region of AB. Comparison of these with the sequence of
caerin 1.8 (below) shows that the amphibian peptide contains a scrambled KLVF motif
at its N-terminus. It has been previously demonstrated that scrambling of these motifs
does not significantly influence sequence recognition, indicating that only the hydrophobic
characteristics of this domain are critical (although this particular scrambled motif has not
been characterised) [570]. Consequently, this region may be integral for the recognition of

Af3(1-42) by caerin 1.8.

AfB(1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
Caerin 1.8 GLFKVLGSVAKHLLPHVVPVIAEKL-NH,
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In addition to recognition of Af, it is imperative that an aggregation inhibitor contains
a f3-sheet disrupting motif. These include, (i) a charged hydrophilic domain, which
disrupts the hydrophobic interactions necessary for fibrillogenesis, (ii) [3-sheet breaker
domains, which contain amino acids that disrupt the 3-sheet core of amyloid fibrils, (iii)
bulky groups that sterically inhibit protein aggregation, or (iv) non-natural amino acids
(such as a-aminoisobutyric acid and N-methylated or N-alkylated amino acids) to generate
peptides which block the hydrogen bonding interactions required for amyloid formation

[473, 476, 523].

In addition to the potential FKVL recognition element, caerin 1.8 contains several Pro
residues, and has an overall charge of +3. The two Pro residues in the peptide may play
a role in destabilising 3-sheet structures once bound to Af3, as these are known f3-sheet
breakers. Additionally, the overall charge may contribute to the effectiveness of caerin 1.8
as a disruptor of amyloid formation. Truncation of caerin 1.8 that were shorter than 11
residues had minimal anti-amyloid activity. This loss of activity is potentially attributable

to the removal of Lys11 which results in a decrease in the overall charge of the peptide.

5.4.2 Amyloid-Like Fibril Formation by Uperin 3.5

AMPs and amyloidogenic proteins share many structural and functional characteristics.
These include their high affinities for negatively charged membranes, and a structural
conversion from random coil to a-helical secondary structure upon interacting with the a
membrane [511, 575, 576]. In addition, several membrane bound AMPs have been shown
to undergo conversion to amyloid-like fibrils [550]. These are in addition to those which
have been shown to undergo this fibril formation in solution [577], including uperin 3.5,
which forms well defined f-sheet rich amyloid-like fibrils with fast kinetics in vitro (Figure
5.6). Moreover, it is proposed that both amyloids and AMPs have membrane mediated

mechanisms of cytotoxicity [511].
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5.4.2.1 Ion Mobility-Mass Spectrometry

IM-MS has been used to gain insights into the self-assembly processes of numerous
amyloidogenic proteins and peptides. The technique is ideally suited to this endeavour
as it possible to characterise heterogeneous populations with relative ease, unlike many
other commonly used biophysical methods [94, 95, 578]. It is apparent from the mass
spectrum shown in Figure 5.7, that oligomeric species of uperin 3.5 up to a hexamer were
observed under the conditions used. In most instances, especially for the higher order

oligomers, one distinct charge state was observed for each complex.

Calibration of the measured drift times to give CCSs was performed and calibrated values
were plotted as a function of oligomer number to give some insight into the self-assembly
process for the oligomers observed (Figure 5.8). It is possible to determine if the
self-assembly proceeds by a highly directional fibrillar process as the relationship between
CCS and oligomer number would follow a linear correlation [559]. In this case, this is
in contrast with the expected CCSs that would be observed for a spatially isotropic self
assembly, as indicated in Figure 5.8. It is apparent for the small number of oligomers
observed that a linear regression line can be fit to the CCS data as indicated in Figure
5.8, although, these data all lie very close to the values expected for isotropic assembly.
Nevertheless, the data indicate that a highly directional, fibrillar type self-assembly process

is predominating for uperin 3.5 in the early stages of aggregation.

5.4.2.2 Modulation of Fibril Formation by TFE and SUVs

Solution conditions are known to have effects on fibril formation kinetics by peptides and
proteins. For example, the presence of cosolvents, high temperatures and extreme pH, have
been known to effect aggregation [579-583]. TFE is a well known organic cosolvent that
has the ability to induce secondary structure where it has the propensity to form [218].
Additionally, under certain solution conditions it can mimic a membrane environment
[584, 585]. Several proteins and peptides have been shown to form fibrils in TFE solutions

[580, 582, 586-588].
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It is apparent that addition of TFE to uperin 3.5 triggers conversion from a random coil
conformation to give an a-helical structure, as evidenced by the far-UV CD spectra shown in
Figure 5.9A. The helical content increases continuously over the 0-50 % TFE concentrations
examined. Importantly, the far-UV CD spectra demonstrate that in 10 % TFE, there is only
a small amount of structured peptide (as CD spectra are a linear combination of all the

secondary structural elements in the sample).

Uperin 3.5 is capable of forming amyloid-like fibrils when starting from a random coil
structure in buffered aqueous solution (Figure 5.9). Upon addition of increasing quantities
of TFE, the peptide adopts increasing a-helical structure, and amyloid fibrils can be formed
in both 10 % and 20 % TFE. When the peptide has more a-helical structure (50 % TFE),
amyloid fibril formation is inhibited. From these data, it can be concluded that the relative
quantity of a-helical structure, which depends on the concentration of TFE, plays a role in
fibril formation by uperin 3.5. TEM imaging shows that the fibrils formed by uperin 3.5
in TFE solutions have similar structural morphology to those prepared in buffered aqueous

solution (Figure 5.9).

The effects of TFE in enhancing or preventing fibril formation can be attributed to
its influences on both intra- and intermolecular hydrophobic interactions and hydrogen
bonding. TFE reduces hydrophobic interactions, possibly leading to protein or peptide
unfolding and decreasing intermolecular attractions [589-591]. However, adding TFE to
an aqueous solution strengthens intra- and intermolecular hydrogen bonding [592, 593].
At high TFE concentrations, hydrophobic interactions are reduced significantly, preventing
intermolecular association from occurring, and consequently inhibiting fibril formation
[582]. At intermediate TFE concentrations, however, stabilisation of hydrogen bonding
occurs, which may compensate for any any decrease in hydrophobic interactions [582].

Consequently, these conditions may lead to an enhancement of fibril formation.

It is also proposed, that in addition to these effects on inter- and intra molecular
interactions, the induction of some a-helical conformation may prove to be an integral
structural conversion necessary for the formation of [3-sheet rich amyloid fibrils from
unstructured peptides and proteins. However, when in a very rigid a-helical conformation,
the structural conversion cannot occur. Helical intermediates have been proposed on the

amyloid fibril formation pathways of several proteins and peptides [582, 587, 594, 595].
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These data are reinforced by experiments showing the effect of SUVs of biomimetic
membranes on fibril formation by uperin 3.5 (Figure 5.11). It is apparent that SUV
composition plays a vital role in the ability to modulate amyloid-like fibril formation by
uperin 3.5. In addition, the structural alterations induced by the SUVs correlates well with
their ability to enhance fibril formation. Negatively charged DMPC:DMPG SUVs appear to
have an enhancing effect on aggregation. This correlates with an induction of a-helical
structure as determined by far-UV CD. Conversely neutral SUVs, DMPC or DMPC:Chol, do
not appear to effect amyloid-like fibril formation by uperin 3.5. In these lipid systems
the peptide retains its random coil structure. This differential effect is likely a result
of electrostatic attraction between the positively charged uperin 3.5 and the negatively
charged DMPG. A similar effect has been observed for other amyloid fibril forming peptides,
where they have been shown to adopt a-helical structures when bound to membranes, and

that this results in enhancement of fibril formation (reviewed in [511]).

These combined data indicate that induction of some a-helical structure has a positive
effect on the fibril formation process by uperin 3.5, and this conformation may be a key

intermediate in membrane (or TFE) mediated amyloid-like fibril formation.

5.4.2.3 Cytotoxicity of Uperin 3.5 Amyloid Fibrils

The cytotoxicities of a number of non-disease related amyloidogenic proteins and peptides
have been investigated, and it has been demonstrated that an there is a correlation between
the induction of cytotoxicity and formation of the fibrillar state. This is postulated to
be due to the presence of prefibrillar aggregates [8, 509-515], or in some instances the
fibrils themselves [516-518]. Conversely, the unaggregated forms of the protein have been

shown to have a limited cytotoxic effect.

A similar distinction is observed here for uperin 3.5 using PC12 cells (Figure 5.12), a
model neuronal cell line that is widely employed in the study of amyloid toxicity. Both
the native and fibrillar species caused a concentration-dependent decrease in PC12 cell
survival (Figure 5.12), however, fibrillar uperin 3.5 was significantly more toxic at lower
concentrations. For example, at 0.5 uM, fibrillar uperin 3.5 reduced cell viability to 43 +

5 %, compared with 92 £ 3 % for the native peptide. It has been previously demonstrated
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that the fibrillar species are maintained in cell culture media, and that fibril formation
does still proceed, albeit at a reduced rate [562]. The toxicity of native uperin 3.5 at high
concentrations is likely due to the formation of fibrillar species in the culture media, this is
due to the high aggregation propensity of uperin 3.5, which lacks a lag phase, in a similar

fashion to other studies [562].

These data provide further evidence for the structural similarities between amyloid-like
fibrils formed by uperin 3.5 and those of disease-related proteins. Additionally, they provide
further support for the notion that the cytotoxicity of amyloid fibril forming proteins is a
consequence of the general structures formed by fibril formation, and that there is perhaps
a common mechanism of cytotoxicity for all amyloid forming proteins and peptides [512,

569].

5.4.2.4 Inhibition of Fibril Formation by EGCG

Flavonoids, such as EGCG, have been shown to inhibit fibrillogenesis by amyloid forming
proteins both in vitro and in vivo. In particular, EGCG has been shown to inhibit fibril
formation by numerous disease and non-disease related amyloid fibril forming proteins
such as A3, a-synuclein and huntingtin, amongst others [563, 564, 564-566]. In most
instances it achieves this by binding to and redirecting the folding of the protein to afford
off-pathway oligomers. The mechanisms by which EGCG and other flavonoids achieve this
are not well understood, and it is proposed that many different types of intermolecular
contacts may mediate this inhibition, including interactions with aromatic residues and

amino groups [596-599].

Uperin 3.5 does not contain any aromatic residues, indicating that inhibition of uperin
3.5 aggregation by EGCG cannot be attributed to interactions with aromatic residues.
Consequently it is likely that non-specific interactions initiate these inhibition and
remodelling processes. The non-specific, broad-ranging nature of EGCG interactions with
proteins may explain the effectiveness of EGCG at inhibiting fibrillogenesis by numerous

proteins and peptides [563, 564].

It is evident from the results presented herein that EGCG has a similar effect in preventing
aggregation by uperin 3.5. When uperin 3.5 was incubated in the presence of four molar
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equivalents of EGCG, there was a significant reduction in the maximum ThT fluorescence
observed (Figure 5.14). These results were confirmed by TEM analysis to determine the
effects on fibril formation morphology. It is evident that co-incubation with EGCG results in
the formation of compact spherical oligomers, as opposed to the fibrillar species observed
in the absence of EGCG. The mechanism by which this redirection occurs is still to be

determined.

In addition, it has been shown that EGCG has the ability to dissagregate and remodel
amyloid fibrils formed by a number of disease related proteins [600-603]. The data
obtained here shows that EGCG remodels uperin 3.5, that the structures produced are
not amyloid fibrils, and that they closely represent the structures produced when EGCG is

added at the start of the aggregation process (Figure 5.14).

Finally, it was demonstrated that coincubation of uperin 3.5 with EGCG prevents the
cyotoxicty associated with the amyloidogenic uperin 3.5 species (Figure 5.15). However, it
should be noted that EGCG and other polyphenols have known beneficial properties, which
may also contribute to the prevention of uperin 3.5 toxicity. These include their ability to
scavenge radicals, reduce reactive oxidative species and the ability to chelate metal ions
[596, 604-606]. However, many other proteins have been studied which give rise to similar
morphologies upon EGCG treatment, and in all instances, the soluble spherical aggregates

that are formed have been described as non-cytotoxic [563, 564, 564-566].

5.4.2.5 Effect of Mutations on Fibril Formation

A number of physicochemical factors have been shown to influence protein aggregation,
including hydrophobicity and charge [567], with hydrophobic interactions arguably the
most important driving force for aggregation. Specifically, it has been demonstrated
that hydrophobic interactions within A and other amyloidogenic proteins promote fibril
formation, but only when the regions involved are incorporated into the fibrillar core [607-
610]. It is thought that these hydrophobic interactions provide the initial intermolecular
contacts, promoting further intermolecular associations [567]. Consequently, several

mutations of uperin 3.5 were studied which altered both hydrophobicity and net charge.
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All mutations of uperin 3.5 that increased hydrophobicity resulted in an enhancement of
fibril formation (Table 5.7). This confirms that hydrophobic interactions are necessary in
fibril formation by uperin 3.5. Notably, substitutions of Arg8 and Lys8 for Ala significantly
enhance aggregation. This supports the notion that residues around the central portion
of the peptide are involved in hydrophobic interactions which enhance amyloid fibril

formation, and that this region of the peptide may be incorporated into the fibrillar core.

The net charge of a peptide has also been shown to have an effect on fibril formation. In
the literature it is proposed that in many instances, reduction of the net charge increases
aggregation propensity [567, 611-613]. Differential effects of charge are observed here
for uperin 3.5 aggregation. Notably, all the amino acid substitutions which decrease net
charge from 43 to 42 result in an enhancement of aggregation. Conversely, removal of the
C-terminal amide and the consequent reduction of net charge to 42 reduces aggregation
propensity. However, at high (mM) concentrations, this peptide still does aggregate (data
not shown). This indicates that some electrostatic interactions are necessary to enhance
the aggregation of uperin 3.5. The enhanced aggregation propensity that comes from a
decrease in net charge, and increase in hydrophobicity, in the central portion of the peptide

again supports the notion that this central region is incorporated into the fibrillar core.

5.4.2.6 Implications of Fibril Formation on the Mechanism of

Antimicrobial Activity

Much work in the area of AMPs is focussed on determining their structures and modes of
action, as a means of implementing and improving peptide antibiotics. It has been proposed
that for some AMPs, namely the temporins B and L, their amyloidogenic nature means
that soluble peptide oligomers may be responsible for their antimicrobial activity, and that
the membrane may mediate amyloid formation. In other words, there is an association
between the toxic function of the AMP and its ability to aggregate [550]. Consequently,
the activities of amyloidogenic AMPs, such as uperin 3.5, may all follow a similar membrane

mediated mechanism, as proposed in Figure 5.18.

In brief, it is proposed that the peptide, which has random coil structure in solution, is
electrostatically attracted to the negatively charged membrane surface (A, in Figure 5.18).
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Subsequently, intercalation into the bilayer results in a conformational change from random
coil to amphipathic a-helix (B). This is followed by membrane insertion of the peptide
perpendicular to the axis of the bilayer (C). To enable complete traversal of the bilayer,
dimerisation may be required for short peptides, in a similar fashion to the traditional
models describing AMP function. This process also requires reorientation of the anionic
phospholipids as the peptides are amphipathic in nature (such that the hydrophobic side
of the peptides face the lipid bilayer, as shown in Figure 5.19). The a-helices of multiple
monomers may align (D), possibly by formation of an a-sheet [614] (E), and subsequently
undergo a structural shift to form 3-sheet conformations and f3-sheet rich oligomers (F). It
is possible that these oligomers may further aggregate to amyloid-like fibrils, possibly with

the incorporation of lipids from the bilayer [549, 550, 615].

| :

Figure 5.18: Schematic diagram showing peptide binding to a lipid bilayer, followed by
insertion and oligomerisation. Adapted from [550].

The mechanism of membrane mediated oligomerisation detailed above is in many respects
similar to the intermolecular associations required to undergo pore formation as detailed
in Figure 5.2. However, it is proposed that the oligomers formed by amyloidogenic AMPs
in a membrane may have a mechanism of membrane permeabilisation different to both
the barrel-stave and toroidal pore mechanisms. This mechanism is termed the ‘leaky slit’
model, and is based on the formation of toxic oligomers in the bilayer, by the mechanism
described above [549, 550, 615, 616]. This results in the formation of transmembrane
linear, amphipathic arrays of peptides (Figure 5.19), which arrange with the hydrophobic
faces interacting with the bilayer. Consequently, the hydrophilic face forces the lipids
on this side to adopt a curved structure which joins the inner and outer leaflets of the

membrane, resulting in membrane disruption. This model indicates that the secondary
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structure of the amyloidogenic AMP is irrelevant. Consequently, this provides a generic

model applicable to a variety of different scenarios.

Figure 5.19: The proposed ‘leaky slit’ model for membrane disruption due to an
amphipathic AMP oligomer. From [616].

The apparent functional link between the membrane mediated oligomerisation and
fibrillisation of AMPs, such as uperin 3.5, and their mechanism of antimicrobial action
requires much further research. Specifically, the membrane interactions of uperin 3.5
should be probed more closely to gain some information about the mechanistic role of
its amyloidogenic nature. It is apparent that work of this nature can provide significant

insights into the mechanism of disease related amyloid cytotoxicity [549].
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5.5 Experimental Procedures

5.5.1 Materials

Peptides were synthesised commercially by GenicBio (Shanghai, China), using L-amino
acids and standard solid-phase methods, and were typically greater than 85 % pure
(by High Performance Liquid Chromatography and MS). A3 (1-42) was purchased from
Anaspec (Fremont, CA, USA).

5.5.2 in situ Thioflavin T Fluorescence Assay

AB(1-42) was prepared by dissolving in 1.0 % NH,OH at a concentration of 2.5 mM,
before dilution to 250 uM with water. Stock solutions of all other peptides were prepared
by dissolving in water at a concentration of 500 uM. The peptide stock solution was divided

into aliquots and stored at - 80 °C.

Samples for the in situ ThT assay were prepared by diluting the concentrated peptide stock
solution into phosphate buffered saline (PBS) solution at the appropriate concentrations.
The final concentration of ThT in the samples was 10 uM. Samples were incubated at
37 °C in black uClear 96-microwell plates (Greiner Bio-One, Stonehouse, UK) that were
sealed with clear film (Sigma Aldrich, Castle Hill, NSW) to prevent evaporation. The ThT
fluorescence intensities of the samples were recorded using a Fluostar Optima plate reader
(BMG Labtechnologies, Offenburg, Germany) fitted with 440/490 nm excitation/emission
filters. Data were normalized by plotting the change in ThT fluorescence (AE arbitrary

units [a.u.]) from the initial fluorescence reading.

5.5.3 Transmission Electron Microscopy

Aliquots (5 uL) were taken from samples after the ThT fluorescence assay and applied
to the surface of carbon-coated 400-mesh nickel TEM grids (ProSciTech, Queensland,
Australia). The grids were washed with milliQ H,O (3 x 10 ulL) and negatively stained

with uranyl acetate solution (2 % w/v, 10 uL). Samples were viewed using a Philips CM100
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transmission electron microscope (Philips, Eindhoven, The Netherlands) or a Tecnai G2

Spirit transmission electron microscope (FEI Company, Hillsboro, OR, USA).

5.5.4 Atomic Force Microscopy

AC mode AFM images were obtained using a JPK Nanowizard III AFM (JPK Instruments
AG, Berlin, Germany) installed on a Nikon TE-2000 inverted epifluorescence microscope.
Cantilevers used were Bruker NCHV model, with a nominal resonant frequency and spring
constant of 320 kHz and 42 N/m respectively. Line rates of 1-3 Hz were used, and images
were processed using the JPK instrumental software. Samples for AFM were placed as

solution onto freshly-cleaved mica discs and dried; imaging was performed in air.

5.5.5 Ion Mobility-Mass Spectrometry

Uperin 3.5 was dissolved in 20 mM NH,OAc at a concentration of 100 uM. IM-MS
spectra were acquired on a Synapt HDMS system (Waters, UK) [48], using nanoESI in the
positive ion mode. The sample was introduced using platinum-coated borosilicate capillary
needles that were prepared in-house. Instrument parameters were optimised to remove
adducts whilst preserving non-covalent interactions, and were typically as follows; capillary
voltage, 1.7 kV; cone voltage, 100 eV; trap collision energy, 10 V; source temperature, 50
°C; backing pressure, 3.5 mBar; IMS cell pressure (N,), 0.5 mBar; travelling wave velocity,

300 ms™!; travelling wave height, 8-10 V.

Drift-time measurements obtained from the Synapt HDMS were normalised for charge state
and a nonlinear correction function was applied for calibrant ions such that their relative
differences mirror those previously observed for the same ions [43, 122, 456, 457]. CCSs of
the reference samples were taken from the literature using values for ubiquitin, myoglobin
and cytochrome c [119]. The CCS calibration procedure is described in detail elsewhere

[43].
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5.5.6 Circular Dichroism Spectroscopy

Far-UV CD spectra were recorded on a J-815 CD spectropolarimeter (Jasco, MD, USA)
using a 0.1-cm path-length cuvette and averaging five scans. The buffer contribution was

subtracted for each experiment.

5.5.7 Cell Culture

PC12 cells were cultured in RPMI 1640 medium (Invitrogen, California, USA)
supplemented with 5 % v/v foetal bovine serum, L-glutamine (2 mM), and
antibiotic/antimicotic mixture (100 mg/mL penicillin and 100 units/mL streptomycin),
and nonessential amino acids (100 units/mL). Cells were grown in uncoated 75 cm? plastic

flasks at 37 °C in a 5 % CO,-humidified incubator and subcultured every 3-7 days.

5.5.8 Cytotoxicity Assay

The MTT assay was used to assess cytotoxicity of the peptides. Cells were seeded the
day prior to treatment at a density of 2 x 10* cells per well in a 96-well plate. Peptides
(500 uM) were dissolved in PBS and either snap-frozen on dry ice and stored at -20
°C (non-fibrillar) or incubated at 37 °C for 24 hr. After incubation the samples were
diluted in PBS to the required concentrations (10 uL) and added to full-serum RPMI 1640
(100 uL). After a treatment time of 72 hr, the culture media was removed and the cells
incubated with serum-free media containing MTT (0.25 mg/mL) for 3 hr. The media was
removed, replaced with dimethyl sulfoxide (100 uL) and the absorbance of the resultant
formazan solution was measured at 560 nm using a BMG Polarstar microplate reader
(BMG Labtechnologies, Offenburg, Germany). Cell viability was assessed as percentage
absorbance relative to the vehicle control (PBS only) as a mean of three independent
experiments (six replicates per experiment). Where appropriate, differences between data
sets were evaluated by performing analysis of variance (ANOVA) followed by DunnettaAZs

test. A level of P <0.05 was considered to be significant.
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Aspartic Acid Isomerisation

in Amphibian Peptides

6.1 Introduction

Proteins and peptides are susceptible to many spontaneous non-enzymatic modifications
under physiological conditions [617]. The presence of these modifications can be
seriously detrimental to the protein/peptide, often as a result of perturbations to 3D
stucture and overall stability. Alternatively, they may present few or no challenges
to the ability of the biomolecule to perform its biological function [617, 618]. The
occurrence of these modifications is often determined by the sequence, structure, half-life
and microenvironment (pH, temperature, redox potential, osmotic conditions) of the
protein, and often they occur in a time-dependent fashion [617, 619]. Consequently,
their cumulative effects, mainly associated with the ageing of biomolecules, can have
a significant effect on activity, a phenomenon sometimes called ‘protein fatigue’ [620].
Conversely, other post-translational modifications, particularly those which are enzyme
catalysed, are vital for the diversification of the proteome and to ensure proteins can

perform their appropriate biological function [621].

The non-enzymatic covalent modifications that a protein/peptide can undergo are varied,
and include isomerisation, deamidation, racemisation, oxidation, glycation, cross-linking,
p-elimination, dehydration and hydrolysis [617, 618]. Often specific amino acid residues

are required to be present for any one of these reactions to occur (cf. Asp isomerisation
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and Asn deamidation, Section 6.1.1), and it has been shown that some regions of structure,
particularly unstructured and solvent accessible regions, may be more susceptible than
others to non-enzymatic covalent modification. Additionally, the absence or inefficiency of

repair mechanisms may result in the accumulation of these modifications [617, 618].

In addition to their prolific presence in vivo, it has been proposed that many of these
modifications may be incorporated into rationally designed peptide/protein therapeutics
[622, 623]. They may confer many advantages on these systems, such as minimising
proteolysis, but it is imperative that their incorporation does not significantly affect the

activity of any potential therapeutic [622-624].

6.1.1 isoAspartic Acid

The atypical isoAspartic acid (isoAsp, [3-Asp) residue is formed as a result of the
isomerisation of Asp or deamidation of Asn residues, resulting in the addition of an
extra CH, into the peptide backbone [625-630]. The processes begins with nucleophilic
attack on the carbonyl group of the side chain by the amide nitrogen in the peptide bond
of the C-flanking residue, resulting in the formation of a 5-membered cyclic imide (or
succinimide) ring intermediate. The succinimide ring is then hydrolytically opened at the
a- or f3- carboximide to form isoAsp or Asp, respectively, in an approximately 3:1 ratio

(Scheme 6.1).

o o} Tz
JFE OH R, NH ">
) NH_ .-
N NN OH
o Rz H o

Asp IsoAsp (70-85 %)
\[ o)

Succinimide *’J\N NH -

Hs Intermediate H

Asn Asp (15-30 %)

Scheme 6.1: Proposed mechanism for the formation of isoAsp from Asp and Asn [628].
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The process of isoAsp formation is affected by the residue that is present on the C-terminal
side of Asp/Asn, with Gly, Ser and His known to assist the reaction [626-630]. Conversely,
the presence of large hydrophobic side chains on the residue following Asp/Asn generally
disallows isoAsp formation, however an example of Asp isomerisation occurring in a cyclic
peptide with Leu following Asp has recently been reported [631]. The residue preceding
Asp/Asn has been found to have little effect on succinimide formation and the subsequent

isomerisation (of Asp) or deamidation (of Asn) [626, 628, 630].

In addition, the local secondary and tertiary structure has a significant influence on the rate
of isoAsp formation, with flexible regions of structure more susceptible to the phenomenon,
whilst isoAsp is less likely to be found in regions of regular secondary structure like
a-helices and f3-sheets [632]. Consequently, data indicating the degree of flexibility [633]
in a protein have been accurately used to predict the major sites of isoAsp formation in
many proteins [634-636], and automated approaches have been developed to aid this

process [637, 638].

6.1.2 Consequences of isoAspartic Acid Formation

The non-enzymatic process of isoAsp formation is a frequent outcome of age related
protein degradation. This severe covalent modification may or may not affect both the
tertiary/quaternary structure and activity of the polypeptide, as a consequence of the side

chain CH, being inserted into the backbone [625-630, 639].

A number of examples pertaining to the disruption of bioactivity by isoAsp, and its
association with a variety of disease states have been described in the literature.
Notably, peptides containing isoAsp have been implicated in the amyloid diseases Type
2 diabetes mellitus [640], cataract [641-647] and Alzheimer’s [638, 648-653] (Section
5.1). Specifically, deamidation of Asn in insulin [654] and isomerisation of Asp in Af
[650, 651], have been shown to trigger amyloid formation and pathogenic aggregation.
More generally, formation of isoAsp is correlated with an increased propensity to form
B-sheet structures [632, 655, 656]. Additionally, the presence of isoAsp has been correlated
with other diseases such as lupus [657], coeliac disease [658, 659] and cancer [660-663].
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The presence of isoAsp residues perturbs protease recognition and subsequent protein
degradation [628, 664-666]. In support of this observation, dipeptides of isoAsp-Xaa
(where Xaa is varied) have been found in urine, possibly a consequence of incomplete
lysosomal and proteasomal degradation because this unusual amino acid is not recognised
by proteolytic enzymes [628]. Additionally, in vitro proteolytic digestion, especially prior
to MS experiments, has been shown to be significantly affected by isoAsp [667-669].

6.1.3 Detection and Repair of isoAspartic Acid in vivo

The enzyme protein L-isoaspartyl methyl-transferase (PIMT) [670, 671] is involved in
a natural isoAsp repair mechanism, and catalyses the methylation of the a-carboxyl
group of isoAsp, using S-adenosyl-L-methionine (AdoMet) as a substrate (generating
S-adenosyl-L-homocysteine, AdoHcy), promoting cyclisation of isoAsp to the succinimide
with the release of methanol (Scheme 6.2) [627-629, 672, 673]. In nature, this cyclic
intermediate can reform Asp in a 3:7 ratio with isoAsp, repairing some of the residues
(only 3 in 10). This sequence of methylation, followed by succinimide formation and
hydrolysis occurs repeatedly to convert many isoAsp residues back to Asp, although this is
obviously a relatively inefficient repair mechanism. It is also proposed that methylation by
PIMT may also be a trigger for proteasomal degradation, rather than a repair mechanism
in vivo [628]. However, it is more favourable and efficient to undergo repair, due to
the energy intensive processes required for degradation and protein resynthesis [628].
Despite this repair mechanism, should isoAsp have been formed in vivo as a result of Asn
deamidation, the repair by PIMT is incomplete (as it affords Asp, rather than the native

Asn). Consequently, even after repair the protein may prove to be non-functional.

A variety of analytical methods have been developed to determine the presence of isoAsp,
including some which exploit the natural repair process by using radiolabelled AdoMet to
selectively methylate isoAsp [627, 629, 634]. The radiolabelled methanol produced upon
spontaneous succinimide reformation is then quantified to determine the presence, but not
location, of isoAsp [627, 629, 634]. A number of other methods have been developed to
infer the presence of isoAsp, including monitoring for the failure of Edman degradation

at the residue during sequencing reactions [674, 675], differences in proteolytic digestion
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Scheme 6.2: Proposed mechanism for the formation for the repair of isoAsp by PIMT
[628].

[667-669], antibody recognition of isoAsp containing sequences [648, 651, 676], a variety
of MS-based methods ([673, 677], and references therein) as well as NMR [678, 679].

6.1.4 isoAsp in Amphibian Peptides and Potential Therapeutics

Secretions of the amphibian skin contain a complex array of peptides, many with potential
therapeutic properties (Section 4.1.3). To date, only two peptides isolated from anuran
skin secretions have been shown to contain isoAsp; the caeridins 1.2 and 1.5, isolated
from the skin secretion of Litoria gilleni and L. chloris (Table 4.1) [400, 680]. These
peptides differ from the caeridins 1.1 and 1.4 by isomerisation of Asp4 to isoAsp. The
role of all four of these peptides in the secretions of these animals is unknown, with their
activities undetermined. Testing has shown they do not have neuropeptide activity, and
show minimal or no antimicrobial/antiviral activity [400, 680]. These peptides have a Gly

residue following Asp, a residue which aids the isomerisation process.

The Asp to isoAsp conversion, or the incorporation of other 3-amino acids into bioactive
peptides, has the effect of decreasing their susceptibility to proteolytic degradation and
thereby increasing their half life in vivo [628, 664-666]. Consequently, there is much

200



Chapter 6: Asp Isomerisation in Peptides

research into the incorporation of isoAsp and other f-amino acids in potential peptide
based therapeutics [622]. However, there is a possibility that should this substitution be
performed on a natively Asp or Asn containing peptide, this may influence the bioactivity
of the peptide [624]. Should this not be the case, and bioactivity is retained, or
even enhanced, the increased resistance of the peptide to proteases may confer on it
potentially beneficial pharmaceutical properties. Furthermore, the possibility of unwanted
isoAsp formation is proving to be an integral consideration in the area of protein/peptide
therapeutics, to ensure their stability over time [681, 682]. Should isoAsp formation occur
(by isomerisation/deamidation) once a potential therapeutic is administered or whilst it
is in storage, immunogenicity may result [683]. Alternatively, a reduction in activity may
occur, or indeed an alternate activity may be acquired [684], both cases being extremely

unfavourable.
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6.2 Aims

The aim of research described in this chapter was to determine the effect of an Asp to
isoAsp substitution in the wide spectrum antimicrobial peptide citropin 1.1, from Litoria
citropa [402] (Table 6.1), which is active at micromolar concentrations against Gram
positive pathogens. Specifically, to determine the implications of isoAsp formation on
the 3D structure (determined by NMR spectroscopy in membrane mimicking solvents),
antimicrobial activity and susceptibility to proteolytic cleavage. This isoAsp isomer is called

isoAsp4-citropin 1.1 throughout this chapter.

The primary sequence of this peptide disfavours isoAsp formation (due to the presence of
a bulky hydrophobic Val residue on the C-terminal side of Asp), consequently the isomeric
peptides can be studied without concern for isomerisation occuring during the experiments.
It is not possible to use the naturally occurring isoAsp-containing amphibian peptides
in these studies as their activities remain unknown [400, 680]. Citropin 1.1 forms an
amphipathic a-helix in membrane mimics, and this peptide was chosen so that the first high
resolution structure of an isoAsp containing peptide with ordinarily helical structure could
be obtained. Additionally, a number of other amphibian neuropeptides were investigated

to examine the effect of isoAsp formation on their activities (Table 6.1).

Table 6.1: Sequences of the Asp containing amphibian peptides studied.

Name Sequence

Citropin 1.1 GLFDVIKKVASVIGGL-NH,
Crinia angiotensin II APGDRIYHPF-0OH

Uperin 1.1 pEADPNAFYGLM-NH,
Uperolein pEPDPNAFYGLM-NH,
Physalaemin pEADPNKFYGLM-NH,
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6.3 Results

6.3.1 NMR Spectroscopy of isoAsp4-Citropin 1.1

6.3.1.1 NMR Assignment

NMR spectra of isoAsp4-citropin 1.1 were recorded in DPC micelles at pH 6.0. The proton
resonances were assigned using the sequential assignment strategy outlined by Wiithrich
[160] and a combination of TOCSY, DQF-COSY and NOESY spectra. These assignments are
indicated in the partial TOCSY and NOESY spectra in Figure 6.1.

There were several coincident amide resonances, creating some ambiguity in the
assignment process. DQF-COSY data and NOE connectivities were used to unambiguously
assign the chemical shifts. The NH region of the NOESY spectrum was utilised to
sequentially assign the amide proton chemical shifts. ~Where sequential dyy NOE
cross-peaks were not present, d,y correlations were utilised to obtain reliable resonance

assignments.

There was significant overlap of the a 'H/a *C region with the residual water signal in the
13C HSQC spectrum, therefore a number of a *C resonances could not be reliably assigned.

Consequently, these data are not presented here.

Table 6.2 summarises the assigned 'H resonances.
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Figure 6.1: Partial NOESY and TOCSY spectra of isoAsp4-citropin 1.1 in DPC micelles. In
the TOCSY spectrum, lines connect resonances of the same amino acid residue. NOEs
between sequential amide protons are shown in the NOESY spectrum.

204



Chapter 6: Asp Isomerisation in Peptides

Table 6.2: Assigned 'H chemical shifts for isoAsp4-citropin 1.1 in DPC micelles. n.o.

indicates resonance was not observed.

Chemical Shift (ppm)

Residue NH aH BH Other H

Gly1 n.o. 3.87

Leu2 8.27 4.15 1.39 yH-1.30
oH-0.77,0.84

Phe3 8.27 4.72 3.27,3.01 6H-7.31

isoD4 8.27 4.58 2.91,2.85 n.o.

Val5 8.99 3.75 2.19 yH - 0.982, 1.10

Ile6 8.48 3.73 2.04 vH - 1.68, 1.28, 0.93
O0H-0.88

Lys7 8.22 4.08 1.89 vH - 1.56, 1.45
O0H-1.73
eH - 3.02

Lys8 7.98 4.21 2.02,1.91 yH-1.52
oH-1.72
€H - 2.96

Val9 8.49 3.66 2.24 yH - 1.07, 0.94

Alal0 8.69 4.03 1.52

Serll 7.98 4.32 4.08

Val12 7.88 4.03 2.27 yH-1.11, 0.99

Ile13 8.11 3.95 2.01 vH - 1.65, 1.29, 0.96
O0H-0.84

Gly14 8.29 3.96

Gly15 7.94 4.14,3.93

Leul6 7.83 4.28 1.89 YH-1.61
6H -0.93

CONH, - 7.37,7.12

6.3.1.2 Secondary Shifts

Ads describe the chemical shift variations for the amino acids in the peptide from their

corresponding random coil values (as determined in water [435]). The AGSs of the a'H

were smoothed over + 2 residues, while the N'H A&s are plotted unsmoothed. All ASs

were plotted against the amino acid sequence to allow extraction of structural information

(Figure 4.12). As discussed in Section 2.3.7.1, negative Ao values indicate an upfield shift

from random coil values, whilst positive values indicate a downfield shift.
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Figure 6.2: (A) a'H secondary shifts of isoAsp4-citropin 1.1 in DPC micelles, smoothed
over n + 2 residues. (B) N'H secondary shifts of isoAsp4-citropin 1.1. Negative values
indicate an upfield shift from random coil values, whilst positive values indicate a
downfield shift. Hydrophilic residues are indicated as open symbols.

The a'H resonances (Figure 6.2A) display a general upfield shift from random coil values
as indicated by the negative Ads. This is especially true towards the centre of the sequence,
with residues at the termini having Ads closer to 0, indicating chemical shifts similar to
those expected in a random coil structure. This indicates that the peptide is adopting a

helical structure towards the centre of the peptide, with the termini being more flexible

(184, 186].

The N'H AG&s (Figure 6.2B) display a degree of periodicity across the length of the
peptide, with the three hydrophilic residues having a more upfield chemical shift from
random coil values when compared with hydrophobic residues. This suggests a degree

of amphipathicity [184, 186] is present in the helix. Additionally, at the N-terminus the

206



Chapter 6: Asp Isomerisation in Peptides

N'H A6 values are close to zero, indicating a lack of well-defined secondary structure in
this region. Together, these Ao values lend support to the notion that there is a degree
of helical structure present in the peptide, but this appears to be less pronounced at the

termini.

6.3.1.3 NOE Connectivities

Diagnostic NOE connectivities used in structure calculations for isoAsp4-citropin 1.1 in
DPC micelles are displayed in Figure 6.3. Sequential dyy, d,y and dgy NOEs are observed
along most of the sequence, but are notably absent at the termini. Additionally, medium
range NOEs between residues that are three or four apart are observed. Notably, d,y ;13
and d,y ;+4) cONnectivities are not present at the N-terminal end of the peptide, but are

observed throughout the remainder of the sequence.

Taken together these data suggest that isoAsp4-citropin 1.1 adopts a predominantly
a-helical structure in DPC micelles. The presence of additional medium-range connectivites
at the C-terminus suggests that the helical structure is more well defined in this region and
that at the N-terminus a more flexible structure may be present, this is especially true due

to the lack of medium range NOEs observed between the first three residues of the peptide.
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Figure 6.3: Diagnostic NOEs used in structure calculations for isoAsp4-citropin 1.1. The
thickness of the bar indicates the relative strength of the NOE. 3Jy .y values (Hz) are
indicated where applicable. # indicates that signal overlap precluded assignment of the
coupling constant. * indicates the coupling constant was not detected.
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6.3.1.4 Structure Calculations

The NOESY spectrum for isoAsp4-citropin 1.1 was assigned and the volume of each peak
converted to distance restraints using the procedures outlined by Xu et al. [436]. A total
of 332 distance restaints were generated, which are summarised in Table 6.3. Only a small

number of these distance restraints are ambiguous.

Table 6.3: Distance restraints obtained from the NOESY spectrum of isoAsp4-citropin 1.1
in DPC micelles, and utilised in structural calculations.

Number of Restraints

Sequential NOEs 80
Medium-range NOEs 75
Long-range NOEs 0

Intra-residue NOEs 165
Ambiguous NOEs 12
Total 332

The amide region of a high-resolution 1D 'H spectrum was used in an attempt to measure
3Jyman coupling constants (Figure 6.3). There was significant overlap in this region
and many peaks were unresolved. Consequently, many coupling constants could not be
measured. Attempts were also made to determine coupling constants from COSY spectra
[189], but line widths were too broad to determine these values accurately. Only the *Jy .y
coupling constant for the final amino acid residue (Leul6) could be measured accurately
(Figure 6.3), nevertheless this indicates a degree of helical structure is present in this region

(as the value is less than 6 Hz [160]).

The RMD and SA protocol of ARIA generated sixty final structures, of which the twenty
with the lowest potential energy were selected for analysis. Figure 6.4 shows these
twenty lowest energy structures of isoAsp4-citropin 1.1 superimposed over the well defined
residues. This structure calculation result confirms the conclusions drawn from analysis of
the NOE and secondary shift data from the NMR. It can be seen that isoAsp4-citropin 1.1
adopts a helical structure in the central portion of the peptide, however, it appears to be

more flexible at the termini, especially the N-terminus which is closest to the isoAsp residue.
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Figure 6.4: The 20 lowest energy structures of isoAsp4-citropin 1.1 in DPC micelles
superimposed over the backbone atoms of well-defined residues.

The 20 lowest energy structures show considerable convergence over the entire sequence,
but the RMSD values (Table 6.4) are higher than longer, previously reported peptide
structures. This indicates that this structure exhibits a degree of conformational flexibility,
consistent with its relatively short sequence which contains two Gly residues at the
C-terminus and the unusual isoAsp residue at the N-terminus. However, the RMSD values
of the well-defined residues compare favourably with those obtained for citropin 1.1 [402].
Additionally, the final structures had no violations from idealised covalent geometries,

supporting the quality of the obtained structures.

Table 6.4: Structural statistics for isoAsp4-citropin 1.1 following RMD/SA calculations.

Energy (kcal.mol ')

Eoral 21.43 + 4.67
Epond 0.56 &+ 0.27
Eangle 8.36 + 2.28
Eimproper 2.18 + 1.66
Eypw 9.42 + 1.74
Enor 0.91 + 0.59
E, i 0.00

Well-defined residues 6-12

RMSD from mean geometry A)

Backbone atoms of well-defined residues 0.55 & 0.33
Heavy atoms of well-defined residues 1.29 + 0.66
All backbone atoms 2.44 + 0.67
All heavy atoms 2.72 £ 0.63
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Analysis of the AOPs of the twenty lowest energy structures demonstrated that seven of
the residues were well-defined (Table 6.4). A Ramachandran plot showing the average
¢ and v angles for isoAsp4-citropin 1.1 shows that most of the residues fall within the
favoured region for a-helical structure (Figure 6.5), whilst residues at the N-terminus near
the isoAsp lie outside these regions, consistent with the conclusion that isoAsp perturbs the

local structure of the peptide in this region.

(o

Figure 6.5: Ramachandran plot for isoAsp4-citropin 1.1 in DPC micelles. Well-defined
residues are indicated by filled symbols. Favourable regions are labelled A and B for a
helical and f strand structures, respectively.

The most stable calculated structure of isoAsp4-citropin 1.1 in DPC micelles is shown in
Figure 6.6. The amphipathic helical structure along the length of the peptide is clearly

perturbed at the N-terminal end by the presence of isoAsp.
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Figure 6.6: Side and axial views of the lowest calculated potential energy structure of
isoAsp4-citropin 1.1 in DPC micelles. The backbone of the isoAsp residue is shown as
lines. Hydrophobic groups are shown in green, hydrophilic groups are shown in yellow.
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6.3.2 Antibiotic Activity

Table 6.5 summarises the antibiotic activities of citropin 1.1 and isoAsp4-citropin 1.1
against several Gram positive and Gram negative organisms. These data indicate that
citropin 1.1 shows activity against Gram positive organisms, whilst isoAsp4-citropin 1.1,

shows no activity below 100 ug/mL against any of the test pathogens.

Table 6.5: Antibiotic activities of citropin 1.1 and isoAsp4-citropin 1.1 against selected
pathogens (Values are given as minimum inhibitory concentrations (MIC, ug/mL)).

Organism Citropin 1.1 isoAsp4-Citropin 1.1
Mycobacterium bovis > 100 > 100
Staphylococcus aureus 12.5 > 100
Methicillin resistant S. aureus 12.5 > 100
Bacillus subtilis 12.5 > 100
Pseudomonas aeruginosa > 100 > 100

6.3.3 Asp Isomerisation in Other Amphibian Peptides

Several other amphibian peptides have been studied, to examine impact of Asp
isomerisation on their activity. However, these have all been smooth muscle contractants,
which are unstructured random coils in both aqueous solution and solvents which model
a membrane environment (as determined by NMR spectroscopy, data not shown). Figure
6.7 shows that Asp isomerisation has a modest detrimental effect on the activity of Crinia
angiotensin II, no effect on the activity of physalemin, and a concentration dependent effect
on the activity of uperin 1.1 [624]. Together with the data presented here for citropin 1.1
(Section 6.3.2), it can be said that the effect of Asp isomerisation is unpredictable, and

dependent on the particular system under investigation.
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Figure 6.7: Smooth muscle contraction response curves of (A) Crinia angiotensin II, (B)
physalaemin, (C) uperin 1.1 (Table 6.1) and their corresponding isoAsp isomers [624].
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6.3.4 Effect of isoAsp on Proteolysis

The susceptibility of four bioactive amphibian peptides and their isoAsp analogues (citropin
1.1, uperin 1.1, physalaemin, Crinia angiotensin II) to proteolysis by Asp-N endoprotease,
trypsin and a-chymotrypsin was investigated. Figure 6.8 displays the mass spectra of the
Asp-N digested peptides; it is evident that cleavage is always observed at Asp, but not

iSOAsp.

In contrast, trypsin cleaves on the C-terminal side of Lys and Arg (Figure 6.9) in all cases to
give mass spectra which are qualitatively similar for the isomeric peptides studied. Uperin
1.1 was not studied as it does not contain the required motif for protease recognition and

cleavage.

a-Chymotrypsin, which cleaves the peptide bond on the C-terminal side of Tyr, Phe, Trp,
and sometimes Leu, gives the same cleavage products for the Asp/isoAsp isomers of Crinia
angiotensin II, physalaemin and uperin 1.1 (Figure 6.10). However, the data are markedly
different for the two citropin 1.1 isomers (Figure 6.10). a-Chymotrypsin cleaves C-terminal
of Phe3 of citropin 1.1 (adjacent to Asp4), but does not cleave next to Phe3 of isoAsp4

citropin 1.1.

These data are summarised in Table 6.6.
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Figure 6.8: Representative mass spectra showing the proteolysis products of selected
amphibian peptides and their isoAsp isomers when treated with endoprotease AspN for 2
hours. Identical spectra were obtained when the isoAsp isomers were treated overnight.
Intact peptide (o) and proteolysis products are indicated (¢).
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Figure 6.9: Representative mass spectra showing the proteolysis products of selected
amphibian peptides and their isoAsp isomers when treated with trypsin for 2 hours. Intact
peptide (e) and proteolysis products are indicated (¢).
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Figure 6.10: Representative mass spectra showing the proteolysis products of selected
amphibian peptides and their isoAsp isomers when treated with a-chymotrypsin for 2
hours. Intact peptide (o) and proteolysis products are indicated (¢).
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Table 6.6: Summary of proteolytic digestion products observed when isomeric peptides
are treated with AspN, trypsin or a-chymotrypsin. * indicates the peptide is not cleaved
by the protease. - indicates the peptide does not contain the required amino acid to be
cleaved by the protease.

Protease
Precursor Asp N Trypsin Chymotrypsin
Crinia angiotensin II - APGDRIYVHPF (0OH)

Asp DRIYHVPF (OH) IYHVPF (OH) APGDRIY (OH)
APGDR (0H) VHPF (OH)

isoAsp * IYHVPF (OH) APGisoDRIY (0H)
APGisoDR (QOH) VHPF (OH)

Uperin 1.1 - pEADPNAFYGLM (NH,)
Asp DPNAFYGLM (OH) - pEADPNAFY (OH)
isoAsp * - pEAisoDPNAFY (OH)
Physalaemin - pEADPNKFYGLM (NH,)

Asp DPNKFYGLM (NH,) pEADPNK (0H) pEADPNKFY (OH)
FYGLM(NH,) pEADPNKF (OH)

isoAsp * pEAisoDPNK(OH) pEAisoDPNKFY (OH)
FYGLM(NH,) pEA1isoDPNKF (0H)

Citropin 1.1 - GLFDVIKKVASVIGGL (NH,)

Asp DVIKKVASVIGGL(NH,) GLFDVIKK(OH) DVIKKVASVIGGL (NH,)
VASVIGGL (NH,)

isoAsp * GLFDVIKK (OH) *
VASVIGGL (NH,)
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6.4 Discussion

6.4.1 Structure and Activity Changes in Amphibian Peptides Due To

Asp Isomerisation

The 3D structure of citropin 1.1 in the membrane mimicking solvent 50 % (v/v) TFE/H,0
has been previously determined (Figure 6.11) [402]. It can be seen that the peptide
displays amphipathic a-helical character along the entirety of the peptide. In contrast,
the structure of isoAsp-citropin 1.1 (Figure 6.6), shows significant disruption to the helical
structure around the isoAsp residue at the N-terminal end of the peptide in DPC micelles.
It should be noted that the NH chemical shifts of Leu2, Phe3 and isoAsp4 in isoAsp-citropin
1.1 are identical which may prevent the detection of NOEs. However, this is unlikely to
significantly influence the structures obtained, which demonstrate a significant structural
perturbation upon Asp isomerisation. Other studies have been performed examining the
structures of helical peptides in both 50 % TFE and DPC micelles, which show a similarity

in the structures adopted in the two membrane mimicking solvent systems [437, 452].

Figure 6.11: Lowest calculated potential energy structure of citropin 1.1 in TFE/H,0 (50
% v/v). Hydrophobic groups are shown in green, hydrophilic groups are shown in yellow
[402].

In sodium dodecyl sulfate (SDS) micelles, citropin 1.1 exists in a different conformation,
comprising two helices separated by a BIV turn at residues 8 and 9 [685]. However, this

may be due to the physical properties of the SDS micelle, as SDS is a negatively charged
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detergent whilst DPC is neutral. Several studies have reported differences in conformation

between peptides bound to anionic and zwitterionic detergent micelles [686-689].

The antibiotic activity of citropin 1.1 and many synthetic modifications of the peptide
have been studied extensively [402, 417, 685]. Like other peptides isolated from the
amphibians of the genus Litoria, citropin 1.1 is a wide-spectrum antibiotic that is highly
active against Gram positive pathogens, less so against Gram negative organisms. However,
adding Lys residues to the peptide has been shown to increase its antibiotic activity
against Gram negative organisms. Additionally the non-conserved replacement of Asp4
with Ala increases activity, presumably due to the increased overall positive charge of
the peptide. It has also been shown that removal of the first three N-terminal residues
completely eliminates the antimicrobial activity, and truncations like these have been found
in amphibian skin secretions, suggesting that removal of these residues is necessary to

inactivate the peptide in a biological setting.

The structural modification studied here is much more severe than any of those previously
investigated, due to the significant alteration in the peptide backbone as a result of the
presence of a 8 peptide linkage and the consequent additional rotatable bond that is
present. It is apparent that this causes significant structural perturbation, as evidenced
by the overlaid structures in Figure 6.12. The structure and activity alterations suggests
that the isoAsp is perturbing the amphipathic a-helical structure that existed along the
entirety of the peptide in the native, unmodified sequence, and as a consequence of this
loss of helicity in this region, the peptide loses its antimicrobial activity. This has an effect

similar to removing the N-terminal residues from the peptide sequence.
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Figure 6.12: Overlaid lowest potential energy structures of citropin 1.1 (green) in
TFE/H,0 (50 % v/v) [402] and isoAsp4-citropin 1.1 (yellow). The Asp/isoAsp residues
are shown. The backbone around isoAsp is shown as lines for clarity.

The combination of the data from citropin 1.1 and findings from the other studied peptides
(Section 6.3.3) demonstrate that the Asp isomerisation process, generally associated with
peptide/protein ageing, does not necessarily result in loss of function, and in some
instances it may result in an alteration of function. Most notably in the case of uperin
1.1, Asp isomerisation results in increased activity at low concentrations, and decreased

activity at higher concentrations (relative to the native uperin 1.1).

6.4.2 Proteolysis Studies

The results presented in Figure 6.8 show that the AspN endoprotease always cleaves
adjacent to Asp, but when isoAsp is present, this cleavage reaction does not occur. A
similar effect has been observed in previous studies, and has been used as a method to
identify isoAsp residues in complex mixtures, such as proteolytic digests [642, 666, 667,
673, 690-692].

The results presented for peptides treated with trypsin show a markedly different effect
(Figure 6.9). Trypsin cleaves at the C-terminal side of Lys and Arg, to give mass spectra
which are qualitatively similar when comparing results for the isomeric peptides studied
(Crinia angiotensin II, physalaemin and citropin 1.1 and their isoAsp isomers). Uperin 1.1
does not contain the prototypical residues required for trypsin cleavage (i.e. Lys or Arg),
so was not investigated. Again, this has been observed in other studies, demonstrating that
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trypsin digestion adjacent to isoAsp residues cannot be used as a method to determine the

presence of these isomeric residues with 3-peptide linkages [642, 666, 667, 673, 690-692].

a-Chymotrypsin behaves the same with the isomeric pairs of Crinia angiotensin II,
physalaemin and uperin 1.1, cleaving adjacent to either Phe or Tyr residues (Figure 6.10).
In contrast, a-chymotrypsin behaves differently with the isomeric citropins 1.1, in that it
cleaves at the C-terminal end of Phe3 next to Asp, but not at all for Phe3 next to isoAsp.
This is an unequivocal result indicating that proteolysis of this particular backbone amide
group at the C-terminal end of Phe3 (and the N-terminal end of isoAsp) is stopped by the

presence of the adjacent isoAsp residue.

6.4.3 Implications of Asp Isomerisation on Peptide/Protein Structure

The secondary structure motif in which an Asp or Asn residue is located often determines
the degree of isoAsp formation that occurs [632-636], and often when Asp or Asn is
contained in a region of ordered secondary structure, there is decreased susceptibility to
isoAsp formation. The peptide system studied here, citropin 1.1, displays amphipathic
a-helical character in a membrane environment, but in aqueous solution it is extremely
flexible [547], like many peptide antibiotics of this type [384, 693, 694]. This flexible
structure in solution renders many peptides extremely susceptible to Asp isomerisation in
vivo or in a pharmaceutical formulations. For use in a clinical setting, it is imperative
that modification of this type in all potential medicines are prevented to ensure unwanted
and potentially hazardous side-effects are minimised [695]. It is thought that this may be
achieved by optimising formulation conditions, with several strategies proposed, including
controlling temperature and pH. It has also been reported that it might be possible
to increase the stability of these unstructured peptides by the presence of additives in

formulations that increase local secondary structure content (reviewed in [682]).

In addition, the identity of the subsequent residue plays an important role in determining
the occurrence of this unnatural amino acid residue [626-630]. Consequently, strategies
to improve the resistance of potential peptide therapeutics to isoAsp formation may involve
site directed mutagenesis to alter the succeeding amino acid residue to slow the reaction

(reviewed in [682]). In the case of citropin 1.1, the bulky hydrophobic Val residue after Asp
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prevents isomerisation from occurring naturally, this allows the two isomers to be studied
individually, with interconversion not possible, and consequently, Asp isomerisation need

not be an issue of major concern.

Several other studies have investigated the effect of isoAsp on regular secondary structural
motifs in peptides and proteins. An investigation into the structural effects of deamidation
on an analogue of human growth hormone releasing factor, Leu27 hGRF(1-32)NH, showed
substitution of Asn8 for Asp8 resulted in minimal structural change, however, the presence
of isoAsp8 resulted in disruption to the helical nature of the peptide, as determined by a
lack of NOE connectvities in the surrounding region [696]. A similar disruption to local
structure was also observed in bovine calbindin Dy, when isoAsp was present in place of
Asp/Asn [679]. Asn deamidation in the light chain complementarity determining region
1 (CDR1) of a humanized IgG1 monoclonal antibody has also been shown to trigger an
overall alteration in structure by CD [697]. Finally, the crystal structures of several proteins
have been determined which contain isoAsp in loop regions. These studies demonstrate
that isoAsp has a variety of effects, including a disruption of the local hydrogen bond
network, an overall decrease in the rigidity of the loop and its reorientation with respect
to the well-defined structural elements of the protein [698-700]. The results contained

herein for isoAsp4-citropin 1.1, are consistent with these previous studies.
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6.5 Experimental Procedures

6.5.1 Materials

Peptides were synthesised by GenScript (Piscataway, NJ, USA) using L-amino acids and
standard solid phase methods. The peptides are of > 95 % purity, as shown by MS and
HPLC. DPC and D,0O were purchased from Novachem (Melbourne, VIC, Australia). Asp-N
and a-chymotrypsin were purchased from Sigma Aldrich (Sydney, NSW, Australia) and
trypsin was purchased from Promega (Madison, WI, USA).

6.5.2 Sample Preparation for NMR Spectroscopy

Samples were prepared by dissolving isoAsp4-citropin 1.1 (5.7 mg, 3.55 umol) and DPC
(54.8 mg, 140.6 umol) in an aqueous solution of 10 % D, 0O buffered to pH 6 with NaH,PO,
(50 mM), giving a final peptide concentration of 5.05 mM, and a final DPC concentration of
0.2 M, in a volume of 0.7 mL. This concentration of lipid was selected as it greatly exceeds
the CMC and it produces a solution of approximately one peptide molecule per micelle

[222, 224].

6.5.3 NMR Spectroscopy

NMR spectra were recorded using a Varian Inova-600 NMR spectrometer, with a 'H
frequency of 600 MHz and a '3C frequency of 150 MHz. Experiments were carried out
at 25 °C and referenced to water (4.82 ppm). The water signal in both the TOCSY and
NOESY experiments was suppressed by presaturation. This was achieved by application of
a low power RF pulse at the frequency of the water resonance during the 1.1 s relaxation
delay between scans. The water signal in the DQF-COSY spectra was suppressed using

gradient methods [459].

TOCSY, DQF-COSY and NOESY experiments were acquired in the phase-sensitive mode,
with time proportional phase incrementation in t;. In each experiment, 8 to 16

time-averaged scans were acquired per increment, with a total of 200 t; increments for
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TOCSY and NOESY spectra and 512 t; increments in the DQF-COSY spectrum. The FID in
t, consisted of 2878 data points over a spectral width of 9592.3 Hz. NOESY spectra were
acquired with a mixing time of 150 ms and the TOCSY pulse sequence included a spin-lock
of 80 ms. HSQC experiments were recorded for the assignment of a'>C resonances using
correlations with the attached a'H. These experiments consisted of 8 time-averaged scans
over a total of 128 t; increments. In the 'H dimension (F,), 2878 data points were collected

over a spectral width of 9592.3 Hz.

The 2D spectra were processed using VNMR software (VNMRJ, Version 2.1, Revision
B). The data matrices were multiplied by a Gaussian function in both dimensions then
zero-filled before Fourier transformation. The final processed 2D NMR matrices consisted

of 4096 x 4096 real data points.

6.5.4 Structure Calculations

The 'H resonances in the NOESY, DQF-COSY and TOCSY spectra, were assigned using
Sparky software (version 3.111) by means of the sequential assignment procedure [160].
The volumes of the larger of the two symmetrical cross-peaks were converted to distance
restraints by the methods of Nilges et al. [190]. The *Jyy,y coupling constants were
measured from the high-resolution 1D spectra obtained. From this analysis, dihedral angles

were restrained in accordance with the guidelines outlined in Section 2.3.8.3.

Structures were generated from random starting conformations, using the standard RMD
and SA protocol of ARIA (Version 1.2) [461], implemented with CNS (Version 1.1) [462].
To account for the unusual amino acid residue isoAsp, structural parameters were altered to
define the atypical primary structure of the residue and the dihedral and improper angles.
Each ARIA run consisted of 8 iterations of structure calculations. The standard ARIA
parameters were utilised, however, better convergence was achieved using parameters
based on those used by Pari et al. [463] and Kang et al. [464]. The final iteration
of calculations generated 60 structures from which the 20 lowest calculated potential
energy structures were selected for analysis. The programs VMD (Version 1.8.2) [465]

and MOLMOL (Version 2k.2) [466] were used to visualise the 3D structures.
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6.5.5 Smooth Muscle Contraction

Experiments were conducted in collaboration with Dr. Ian Musgrave and Katarina
Markulic, on guinea pig ileum using procedures reported in full previously [701]. Briefly,
segments of ileum were suspended in 20 mL organ baths containing physiological salt
solution at 310 K and were gassed with 95 % O, and 5 % CO,. Segments were connected
to a tissue holder and to an isometric force-displacement transducer. Tension was recorded
using Powerlab v 5.0. Segments were washed by replacing the physiological salt solution
twice, and were then allowed to equilibrate for a period of 30 min under 2 g of resting
tension. When a stable baseline was achieved, the guinea pig ileum was pre-treated with
the nitric oxide inhibitor L-NNA to inhibit underlying nitric oxide mediated contraction
[702, 703]. Cumulative concentration response curves were then obtained for Crinia
angiotensin II, isoAsp4-Crinia angiotensin II, uperin 1.1, isoAsp3-uperin 1.1, physalaemin,
isoAsp3-physalaemin and uperolein. Responses were normalised as a percentage of the
contraction produced by acetylcholine at 107® M and are shown as mean &+ SEM of three

independent experiments done in duplicate.

6.5.6 Antibiotic Activity Testing

Antibiotic testing was conducted by Prof. Lixin Zhang (Institute of Microbiology, Chinese
Academy of Sciences). MIC (ug mL™!) activities of citropin 1.1 and isoAsp4-citropin
1.1 were measured against Mycobacterium bovis BCG, Staphylococcus aureus, methicillin
resistant S. aureus, Bacillus subtilis and Pseudomonas aeruginosa by a standard procedure
[704]. Isonazid, vancomycin and ciprofioxacin were used as positive controls as described

previously [705].

6.5.7 Proteolysis

To each peptide (1 nmol) in 50 mM NH,HCO,, the protease (1:50 peptide:protease ratio,
by mass) [Asp-N, trypsin or a-chymotrypsin, as appropriate] was added and the samples
incubated at 37 °C. Aliquots were taken after 5 min, at 15 min intervals for 3 hours and
after 18 hr.
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Nano-ESI mass spectra were acquired using a Micromass Q-ToF 2 (Waters/Micromass,
Manchester, UK) orthogonal acceleration time-of-flight mass spectrometer. Samples were
introduced into the spectrometer using platinum-coated borosilicate capillaries prepared
in-house. Conditions were typically as follows: capillary voltage 1.4 kV, source temperature

80 °C, and cone voltage 30 V.
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Summary

7.1 Negative Ion MS Amenable Cross-Linking Reagents

This work details the first use of negative ion MS to identify and provide information
about cross-linked peptides and proteins. It has been demonstrated that the negative ion
cleavages of adducts containing disulfide cross-linking reagents can be useful in identifying
intermolecular, intramolecular and dead-end cross-linked peptides amongst complex
mixtures and can readily localise the cross-linking site with residue level resolution. The
spectra obtained are diagnostic for the cross-link type and allow for sequencing and

identification of the cross-linked species.

The experimental data presented demonstrates the utility of the disulfide containing CX-MS
reagents DSA and DSP. Symmetrical cleavage of the DSA linker between the sulfur atoms
yields two characteristic fragment ions that can be used to easily identify cross-linked
peptides by low energy collisional activation of the precursor ion. Low energy activation
of DSP cross-linked peptides yields four ions corresponding to cleavage at and around
the disulfide bond. These fragmentation pathways permit peptides cross-linked by these
reagents to be identified with relative ease, and each contributing peptide sequenced
independently by MS3. Consequently, these reagents are ideal candidates for this negative
ion, MS identifiable CX strategy. Conversely, the longest cross-linker studied, DSB, does not
yield facile fragmentation products, and higher collision energies are required to initiate
cross-linker fragmentations, both between and adjacent to the disulfide atoms, together
with those of the peptide backbone, making this reagent unsuitable for this approach.
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The facile nature of these cross-linker fragmentation processes means they also compete
with other low energy processes that are unique to negative ion MS. Of the studied side
chain induced processes, it has been shown that loss of H,O by Asp and in some instances,
side chain induced backbone cleavage by Asp significantly compete with fragmentations of
the cross-linkers. These competitive processes can be used as a diagnostic indicator for the
presence of Asp within a cross-linked peptide, and could be used to aid identification of the
peptide involved when studying a protein of unknown structure. Additionally the loss of
CH,0 from the Ser side chain also competes with DSP fragmentation, however the relative

abundance of these peaks are significantly lower than those due to loss of H,O from Asp.

Negative ion MS provides a clear advantage over conventional positive ion MS for the
identification of these disulfide containing cross-links due to their facile, characteristic
fragmentation behaviour. These are the most facile negative ion cleavages to have been
studied to date. Now that the characteristic fragmentations of the modified peptides
are understood, it is possible to use this negative ion approach to develop methods for
high-throughput analysis of unknown protein complex structures, so that identification of

cross-linked peptides and sequencing can occur simultaneously.

7.2 Amphibian Peptides That Inhibit Neuronal Nitric Oxide Synthase

Most amphibians of the genera Litoria and Crinia that have been studied thus far produce
one or more peptides that prevent NO formation by nNOS as part of their glandular
secretion. Regulation of nNOS is achieved by the protein CaM, which is activated by
binding Ca®' ions resulting in a conformational change necessary for it to upregulate NO
production. It has been well-documented that these bioactive amphibian peptides bind
to CafﬁCaM inducing a further conformational change which prevents the protein from
activating nNOS. In this work, the CafﬁCaM complexes that are formed with the amphibian
peptides caerin 1.8.11, dahlein 5.6 and citropin 1.1 (mod. 13) have been comprehensively

studied using a variety of biophysical techniques.

ITC analysis of the complexation process has shown that the peptides have a very high
affinity for Cai+CaM, with K; values in the nM range. Repetition of the ITC experiments
at several temperatures, and analysis of the change in AH as a function of temperature
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allowed AC, values to be determined. These demonstrated that the binding process results
in an overall reorganisation of the protein structure, and that this process results in a
large decrease in solvent accessible surface area, indicating the formation of a canonical

collapsed conformation.

IM-MS studies have confirmed that a structural rearrangement takes place upon CaM
binding Ca®*. It was demonstrated that binding of two Ca*" ions to each lobe of CaM
is necessary to result in a significant global structural reorganisation, leading to a more
compact structure. Additionally, the complexes that are formed when CafﬁCaM binds the
amphibian peptides show generally smaller CCSs than the extended complex that forms
with the C20W peptide. These CCSs compare favourably with those calculated theoretically

from model compact complex structures.

NMR analysis of the truncated caerin 1.8.11 peptide has shown that it is capable of forming
an amphipathic a-helix, with hydrophobic residues at positions in the sequence which
are known to affect Cai*CaM binding. It has been confirmed using CD that this helical
structure is adopted by caerin 1.8.11 and the other amphibian peptides when they bind
CaZ*CaM.

The Caﬁ*CaM:caerin 1.8.11 complex was further studied using NMR spectroscopy, with
large CSPs observed across the whole protein sequence. However, CSI analysis showed
that the a-helical secondary structural elements of Cai*CaM remain relatively intact. This
is again consistent with an overall reorganisation of the protein structure upon binding.
Notably, CSPs were clustered around the hydrophobic domains of CafﬁCaM, which are
known to be involved in target binding. Finally, the many Met residues in this region
exhibited significant CSPs, and it is well-known that these play an integral role in stabilising

CaM complexes.

The combination of low resolution structural information presented in this chapter,
gathered using a variety of biophysical techniques, provides significant insight into the
structures of both CaM and its complexes with several amphibian peptides. This evidence
indicates that binding of the peptides results in a significant structural reorganisation
of CafﬁCaM, with the amphibian peptides engulfed in a channel between the N- and

C-terminal domains. These data, along with additional structural information (possibly 3D
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structure data), may further aid in the development of more efficacious peptide inhibitors

of NO production.

7.3 Amphibian Peptides That Inhibit Fibril Formation and
Self-Assemble

It has been demonstrated that caerin 1.8 and several of its truncations have the ability to
prevent fibril formation by the Alzheimer’s disease related protein, AB(1-42). Caerin 1.8
redirects the aggregation of Af3(1-42), leading to the formation of amorphous aggregates.
There are several key features of caerin 1.8 that are shared with rationally designed peptide
based inhibitors of Af fibrillogenesis, including a structurally similar recognition motif and

several charged residues.

Many AMPs have the inherent ability to form amyloid structures. In this work, the
amyloidogenicity of uperin 3.5 was investigated, with an emphasis on comparing its ability
to form amyloid fibrils with other disease related proteins and peptides. It is apparent that
uperin 3.5 forms amyloid-like fibrils with rapid kinetics, as the process lacks a lag phase.
The resultant fibrils are of defined morphology as studied by TEM and AFM, with typical
coiled-coil ultrastructure. CD has also shown that the fibrils are f-sheet rich, similar to
other amyloids. The self-assembly was monitored using IM-MS, with data supporting an

ordered, fibrillar type assembly, as opposed to an isotropic process.

Fibril formation in the presence of the membrane mimicking co-solvent TFE was enhanced
when small quantities were added, but inhibited at higher amounts. This is likely
due to the flexible a-helical structure induced at low TFE concentrations which can
readily convert to f3-sheet rich amyloid. However, at higher concentrations the rigid
well-defined secondary structures are unable to convert. Additionally, the effects of TFE
on hydrophobic interactions and hydrogen bonding may also have influenced the kinetics
of fibril formation. The presence of negatively charged SUVs also enhanced fibril formation.
This again correlated with an increase in a-helical content. In the future, this phenomenon

should be further explored, along with the effect of both native and fibrillar uperin 3.5 on
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bacterial and mammalian membranes. This will afford significant insight into uperin 3.5’s

specific membrane mediated mechanism of toxicity.

Fibrillar species of uperin 3.5 were shown to be cytotoxic to cultured PC12 cells, in a similar
fashion to other disease related amyloids. This supports the notion that the generic amyloid
structure is toxic, and that the effect is sequence independent. Furthermore, EGCG, a
flavonoid from green tea, was shown to inhibit fibril formation, remodel mature fibrils and

prevent the cytotoxicity associated with uperin 3.5 fibril formation.

These data provide significant evidence for the structural similarities between amyloid-like
fibrils formed by uperin 3.5 and those of disease-related proteins. Additionally, they provide
further support for the notion that fibrils formed by AMPs posses properties similar to
those of disease related amyloidogenic proteins. This work adds to the growing body of
literature that suggests mechanistic investigations of AMPs which form amyloid structures
can provide significant insight into the means by which disease related amyloids elicit their

sometimes devastating effects.

7.4 Aspartic Acid Isomerisation in Amphibian Peptides

Proteins and peptides undergo many spontaneous and non-spontaneous modifications,
including many that are a consequence of ageing. The formation of isoAsp from both
native Asp and Asn residues is one of these ageing related processes. In this work, it has
been demonstrated that isoAsp formation severely impacts on the structure and function
of citropin 1.1, and has moderate effects on the activities of the other amphibian peptides

studied.

In the peptide systems studied, there is no clear trend that changing Asp to isoAsp will
alter the activity of the peptide in a particular direction (i.e. either enhance or reduce the
activity). This is evidenced by: (i) replacing Asp4 of citropin 1.1 with isoAsp destroys the
antimicrobial activity against the test pathogens S. aureus and B. subtilis, (ii) the smooth
muscle contraction by isoAsp4-Crinia angiotensin II is less than that of the Asp isomer, and
(iii) the smooth muscle activity of isoAsp3-uperin 1.1 differs dramatically from uperin 1.1

(at low concentrations the isoAsp isomer is the more active, but at higher concentrations

232



Chapter 7: Summary

the reverse is true). In essence, these results are in accord with those for other isoAsp
systems already studied, in that replacement of Asp with isoAsp can change the activity of
that system, but the way the activity is changed depends entirely on the particular system

under investigation.

Replacing Asp with isoAsp in these small peptides does not change the extent of
degradation of the isomeric peptides by the proteolytic enzyme trypsin. Additionally,
as previously observed, cleavage by Asp-N is suppressed completely by the presence of
isoAsp. However, a-chymotrypsin does not cleave next to Phe3 of isoAsp4-citropin 1.1.
This observation needs further investigation for cognate peptides, but is beyond the scope

of the present study.

The structural alteration in citropin 1.1 as a result of Asp isomerisation is quite severe,
with a kink induced in the helix at the N-terminus, when studied in DPC micelles. This
perturbation of the helical structure can be clearly seen when looking at an axial view of
the peptide structure. The loss of helicity in this region can account for the disruption of

antibiotic activity.

Structural modifications of this type in peptide antibiotics are particularly relevant. This is
because in solution peptide therapeutics mainly adopt flexible conformations, making them
highly susceptible to isoAsp formation given the appropriate primary structure. However,
they may adopt a more ordered structure in vivo to perform their biological function,
like membrane active AMPs. Consequently, it is of fundamental importance to minimise
any spontaneous non-enzymatic post translational modifications (like isoAsp formation)
in pharmaceuticals for human use, as these alterations in primary structure may have

significant, potentially unexpected, influences on their structure and activity.
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7.5 Conclusion

The work presented in this thesis demonstrates the utility of a vast array of well-established
and emerging biophysical techniques in structural biology. Low resolution studies, which
combine structural data from a variety of techniques in an integrative approach, are
becoming commonplace to characterise many biochemical process. The application and
continued refinement of existing methods, along with the development of novel analytical
techniques, will prove essential in our quest to further characterise the basis of complex

biological processes at the molecular level.
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Appendix A
Assigned Chemical Shifts of Calmodulin Bound

to Caerin 1.8

Table 1: Assigned N, HN, Ca and Cf3 chemical shifts for CaffCaM bound to caerin 1.8.11
at pH 6.3, 25 °C, 31 mM KCl, 6.3 mM CaCl,. Where no resonance is indicated it could not
be reliably assigned.

Chemical shift (ppm)
Residue Amino Acid HN N aC pC

1 A

2 D

3 Q 8.40 120.0 55.61 29.87
4 L 8.35 123.6 54.54 43.68
5 T 8.75 113.1 60.59 71.14
6 E 9.04 120.5 60.23 29.35
7 E 8.73 119.7 60.08 29.24
8 Q 7.76 119.8 58.84 29.50
9 I 8.46 119.9 66.15 38.00
10 A 8.05 121.5 55.50 18.11
11 E 7.87 120.7 59.31 29.53
12 F 8.46 118.6 60.48 38.40
13 K 9.25 123.7 60.26 31.90
14 E 7.90 120.6 59.30 29.30
15 A 8.06 120.9 55.18 18.43
16 F 8.97 119.6 62.23 3941
17 S 8.00 112.7 61.52 63.20
18 L 7.41 120.1 57.13 41.59
19 F 7.45 115.3 58.39 40.53
20 D 7.98 117.5 52.53 39.18
21 K 7.61 1248 58.47 32.68
22 D 8.33 114.3 53.12 39.76
23 G 7.76 109.2 47.20 -
24 D 8.40 120.7 53.90 40.55
25 G 10.65 113.2 45.87 -
26 T 8.15 113.2 59.93 72.68
27 I 9.89 127.1 60.46 39.78
28 T 8.48 116.9 59.68 72.62
29 T 9.23 1125 66.49 67.75
30 K 7.65 121.3 59.37 32.67
31 E 7.68 121.6 59.42 30.00
32 L 8.87 120.8 58.05 42.98
33 G 8.75 105.5 48.52 -
34 T 791 117.8 66.88 68.74
35 Vv 7.37 122.2 66.80 31.49
36 M 8.15 120.3 60.08 30.17

Continued on next page
289



Appendix A

Table 1 — Continued from previous page

Chemical shift (ppm)

Residue Amino Acid HN N aC pC
37 R 8.69 1183 59.92 29.27
38 S 7.83 1179 61.83 63.02
39 L 7.36 119.4 53.86 41.07
40 G 7.52 136.0 46.05 -
41 Q 7.94 118.3 54.20 30.57
42 N 8.76 116.2 51.46 39.32
43 P - 62.45 32.08
44 T 8.83 113.2 60.57 71.17
45 E 8.83 120.6 60.12 29.07
46 A 8.28 120.8 55.21 -
47 E 7.97 119.3 59.57 29.58
48 L 8.21 120.7 58.00 42.64
49 Q 8.28 118.5 58.66 29.58
50 D 8.22 120.2 57.74 40.36
51 M 7.87 119.5 59.26 33.35
52 I 7.62 118.0 65.16 37.49
53 N 8.78 118.1 56.15 38.01
54 E 7.62 116.3 59.11 30.59
55 \Y 7.19 106.5 60.24 32.68
56 D 7.55 122.4 53.87 40.22
57 A 8.62 131.9 54.33 19.61
58 D 8.14 113.7 52.65 39.92
59 G 7.58 108.3 47.40 -
60 N 8.06 1184 52.65 37.82
61 G 10.66 113.4 45.89 -
62 T 7.71 109.0 59.68 72.02
63 I 8.94 123.4 60.00 39.99
64 D 8.83 128.1 52.35 42.23
65 F 8.95 118.7 58.04 39.76
66 P - 66.13 29.77
67 E 8.04 121.9 59.39 29.50
68 F 8.94 123.4 60.97 39.99
69 L 58.10 40.78
70 T 7.42 116.3 66.40 68.28
71 M 8.11 122.1 59.26 34.04
72 M
73 A 55.77 18.04
74 R 8.21 118.3 59.29 30.58
75 K 7.80 118.3 58.07 3241
76 M 8.03 116.4 57.26 33.24
77 K 7.42 118.6 57.08 33.17
78 D 7.82 120.1 54.40 41.19
79 T 8.13 115.0 61.51 69.39
80 D 8.42 1225 54.59 41.75
81 S 8.30 115.3 56.99 64.55
82 E 8.98 126.1 59.67 29.58
83 E 8.17 116.1 59.03 31.20
84 E 8.59 118.2 58.99 30.67
85 I 7.87 119.3 65.12 36.89
86 R 8.69 1222 60.03 29.53
87 E 8.01 118.3 59.38 29.46
88 A 7.78 121.3 55.24 18.51
89 F 8.47 117.9 62.15 39.62
90 R 7.90 1159 58.70 30.56
91 Vv 7.34 118.0 65.85 30.93
92 F 6.72 113.6 59.64 41.67
93 D 7.78 1169 52.35 38.91
94 K 7.62 1249 58.36 32.83

Continued on next page
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Appendix A

Table 1 — Continued from previous page

Chemical shift (ppm)

Residue Amino Acid HN N aC pC
95 D 8.03 113.8 52.80 39.58
96 G 7.73 109.3 47.41 -
97 N 8.43 119.9 52.89 38.36
98 G 10.52 112.5 45.23 -
99 Y 7.77 116.6 56.52 42.61
100 I 10.17 127.4 61.30 39.31
101 S 9.09 124.2 55.78 67.16
102 A 9.41 123.3 55.82 18.07
103 A 8.27 1185 55.34 18.33
104 E 7.75 118.8 59.21 29.89
105 L 8.22 119.5 57.68 40.45
106 R 7.97 120.3 59.41 28.22
107 H 59.97 29.03
108 \Y 7.85 119.5 66.97 32.19
109 M 8.21 115.7 56.94 29.49
110 T 8.74 118.0 66.72 68.61
111 N 8.02 123.5 55.87 37.69
112 L 7.72 119.0 55.84 42.70
113 G 7.88 106.5 45.57 -
114 E 8.06 120.7 54.95 31.53
115 K 8.63 125.2 5545 32.23
116 L 8.10 124.4 54.47 44.33
117 T 9.18 1144 60.79 71.13
118 D 8.95 121.2 58.09 39.62
119 E 8.72 119.4 60.07 29.26
120 E 7.73 120.3 59.29 30.52
121 Vv 66.06 29.70
122 D 8.19 120.9 58.10 41.81
123 E 8.90 118.9 60.23 30.19
124 M 8.14 120.3 60.11 30.16
125 I
126 R 59.36 29.29
127 E 7.80 118.7 59.46 30.35
128 A 7.38 116.0 50.92 23.75
129 D 8.20 122.7 55.26 41.13
130 I 8.46 128.0 63.03 39.52
131 D 8.31 117.3 53.98 39.91
132 G 7.75 108.5 47.45 -
133 D 8.36 120.3 53.78 40.10
134 G 9.93 112.0 46.11 -
135 Q 8.07 115.7 53.35 32.95
136 \Y 9.23 125.5 61.26 34.26
137 N 9.58 128.9 51.17 38.67
138 Y 8.32 118.7 62.42 38.41
139 E 8.19 118.7 60.48 28.93
140 E 8.82 120.1 58.91 29.35
141 F 8.66 124.2 62.60 40.44
142 Vv 8.87 119.7 67.30 31.49
143 Q 7.96 120.5 59.50 28.28
144 M 7.59 118.8 58.76 31.85
145 M 7.88 114.4 55.69 30.74
146 T 7.82 108.7 62.04 70.60
147 A 7.47 127.1 53.15 19.16
148 K 8.05 126.8 57.69 33.73
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